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SUMMARY 


An  investigation  was  carried  out  in  the  NASA-Langley  16-foot  high-speed 
tunnel  to  determine  the  aerothermodynamic  characteristics  of  a  family  of 
close-coupled  lift/cruise  fan  installations.  The  lift/cruise  installation 
consisted  of  the  General  Electric  X376  tip  turbine  fan  system  driven  by  a 
T58-6A  core  engine  acting  as  a  gas  producer,  and  a  nacelle  system  com¬ 
prised  of  a  family  of  interchangeable  inlet  and  exhaust  systems.  The 
characteristics  were  obtained  for  Mach  numbers  between  0.0  and  0.85. 

The  test  results  showed  that  the  low-speed  drag  coefficient  (C  )  of  the 
nacelle  system  (including  core  engine)  was  between  0.04  and  0.P8,  depending 
on  the  nacelle  geometry  and  the  inlet  mass  flow  ratio.  Drag  rise  or  drag 
divergence  occurred  at  lower  than  predicted  test  Mach  numbers  because  of 
premature  critical  flow  in  the  region  of  a  nacelle  fairing  between  fan  and 
engine.  The  axisymmetric  regions  of  the  fan  nacelle  and  the  core  engine 
nacelle  demonstrated  critical  Mach  number  performance  as  obtained  using 
standard  nacelle  design  procedures.  The  test  results  provide  criteria  for 
redesign  of  the  fairing  regions  to  eliminate  the  premature  critical  flow 
conditions  in  this  region  of  the  installation.  Analysis  and  recommenda¬ 
tions  for  fairing  and  inlet  lip  design  changes  are  provided;  small  scale 
unpowered  model  tests  would  be  needed  to  verify  the  analysis. 

Propulsion  system  performance  was  satisfactory  throughout  the  test  range. 
Certain  off-design  operating  conditions  produced  high  fan  blade  stresses 
which  limited  the  test  range  for  several  of  the  configurations.  Propul¬ 
sion  system  performance  confirmed  present  prediction  methods  and  provided 
experimental  data  in  previously  unexplored  regions  of  fan  operation. 


FOREWORD 


This  report  describes  an  experimental  investigation  to  determine  the  aero- 
thermodynamic  characteristics  of  a  family  of  close-coupled  lift/cruise  fan 
installations. 

The  investigation  was  conducted  by  the  Flight  Propulsion  Division  of  the 
General  Electric  Company,  Cincinnati,  Ohio,  under  United  States  Army 
Contract  DA  44-177-AMC-10(T)  .  The  test  equipment  was  designed  and  manu¬ 
factured  under  the  direction  of  General  Electric  personnel.  Testing  was 
conducted  in  the  16-foot  high-speed  wind  tunnel  facilities  of  the  NASA- 
Langley  Research  Center.  Reduction  of  the  test  data  was  jointly  directed 
by  NASA  and  General  Electric  personnel.  Analysis  of  the  test  data  and 
preparation  of  the  final  report  were  performed  by  General  Electric  personnel. 

The  program  was  initiated  in  March  1963,  with  first  tests  in  the  wind 
tunnel  occurring  in  December  1963.  The  first  phase  of  the  test  program 
was  prematurely  terminated  in  February  1964,  when  failure  of  the  X376  fan 
system  occurred,  apparently  due  to  failure  and  subsequent  ingestion  of 
a  part  of  the  inlet  bulletnose  assembly.  The  program  was  reinitiated  in 
June  1964,  the  assembly  was  rebuilt,  and  the  first  test  of  the  second  phase 
of  the  program  was  conducted  in  May  1965.  Tests  were  terminated  in  June 
1965,  after  completion  of  the  objective  test  program. 
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INTRODUCTION 


In  recent  years  increased  emphasis  has  been  placed  on  the  design  and 
development  of  V/STOL  aircraft  systems.  One  of  the  promising  propulsion 
systems  in  the  high  bypass  category  is  the  lift/cruise  fan.  This  system 
incorporates  the  turbomachinery  from  the  tip-turbine-dri ven  lift  fan, 
which  is  an  outgrowth  of  the  X353  and  X376  lift  fans  presently  powering 
the  XV-5A  research  aircraft.  Present  advanced  design  studies  of  tip  tur¬ 
bine  lift/cruise  fans  indicate  probable  fan  bypass  ratios  of  between  5 
and  10,  as  compared  to  the  X353  and  X376  lift  fans  with  a  bypass  ratio  of 
12. 

Shifting  the  tip  turbine  fan  from  its  low  axial  profile  lift  fan  instal¬ 
lation  to  a  minimum  diameter  cruise  installation  required  totally  different 
inlet  and  exhaust  systems. 

Review  of  existing  test  data  for  nacelle  and  nozzle  systems  applicable  for 
use  with  these  families  of  lift/cruise  turbofans  showed  that  very  little 
data  was  available.  As  a  result,  extensive  scale  model  programs  were  then 
initiated  to  investigate  the  aerodynamic s  in  these  previously  unexplored 
regions.  Reference  3  gives  a  surjnary  of  one  such  program  designed  to 
obtain  nacelle  and  nozzle  aerodynamic  performance  by  use  of  small  scale 
models.  The  tests  were  conducted  within  the  bypass  and  pressure  ratio 
ranges  applicable  to  the  lift/cruise  fan  systems.  A  logical  next  step  in 
the  development  of  performance  data  is  the  design,  test,  and  flight  of  a 
full-scale  propulsion  system.  As  an  interim  program  to  fill  the  gap 
between  scale-model  and  full-scale  performance  data,  a  test  program  uti¬ 
lizing  the  existing  X376  fan  system  was  proposed  and  conducted.  This  sys¬ 
tem  uses  i  fan  which  has  a  bypass  ratio  of  about  12,  powered  by  a  modified 
T58-6A  core  engine  as  the  basic  propulsion  system.  This  report  summarizes 
the  aero thermodynamic  performance  that  was  obtained  during  the  test  pro¬ 
gram. 

The  test  model  consisted  of  the  basic  propulsion  system  and  a  family  of 
inlet  and  nozzle  systems.  The  inlet  systems  provided  a  means  of  determin¬ 
ing  effects  of  length  and  diameter  on  performance.  The  nozzles  provided 
changes  in  discharge  area,  as  well  as  length  and  diameter.  Eight  different 
models  were  assembled  using  various  combinations  of  the  inlet  and  nozzle 
systems.  The  tests  were  performed  in  the  NASA- Langley  16- foot  wind  tunnel. 
Tests  were  conducted  within  a  range  of  propulsion  system  power  settings 
and  tunnel  Mach  numbers  commensurate  with  lift/cruise  fan  operating  enve¬ 
lopes. 

The  results  presented  in  this  report  should  provide  useful  performance 
data  to  fill  the  gap  between  the  small-scale  model  and  full-scale  tests. 
Presentation  of  the  test  results  in  parametric  non-dimensional  form  pro¬ 
vides  a  means  of  estimating  nacelle  internal  and  external  performance  rep¬ 
resentative  of  these  high  pressure  ratio  lift/cruise  fan  systems. 


DESCRIPTION  OF  TEST  EQUIPMENT 


TEST  FACILITY 


The  tests  during  this  investigation  were  made  in  the  Langley  16-foot 
high-speed  tunnel.  The  tunnel  is  a  single  return,  atmospheric  type 
with  a  test  section  Mach  number  range  continuously  variable  from  about 
0.2  to  about  1.3.  During  this  test  program,  the  maximum  test  Mach 
number  was  0.85. 

The  model  was  sting  supported  on  a  single  vertical  strut.  Model  attach¬ 
ment  to  the  sting  was  through  a  strain  gage  balance  capable  of  measuring 
six  force  components.  The  strut  is  mounted  on  shoes  that  slide  on  a 
circular  arc  to  provide  angle  of  attack  variation.  The  model  angle  of 
attack  was  varied  from  8.0  degrees  nose  down  to  2.0  degrees  nose  up. 

The  model  was  mounted  in  the  inverted  position  in  the  tunnel  such  that 
the  8.0  nose  down  condition  is  equivalent  to  a  positive  angle  of  attack. 
The  center  of  rotation  of  the  model  during  angle  of  attack  changes  was 
at  wind  tunnel  station  134. 

Photographs  of  a  typical  model  configuration  installed  in  the  tunnel 
test  section  are  shown  in  Figure  1.  The  top  portion  of  the  test  section 
has  been  raised,  as  required  during  model  installation  and  setup,  for 
these  photographs.  Figure  2  is  a  sketch  of  a  typical  model  installed 
in  the  wind  tunnel  test  section  showing  pertinent  installation  and  model 
dimensions. 

FAN  AND  CORE  ENGINE 


The  propulsion  system  of  the  model  consisted  oi  an  X376  fan  system 
driven  by  a  T58-6A  engine  modified  for  use  as  a  core  engine.  A  sketch 
of  the  major  propulsion  system  components  is  identified  and  shown  in 
Figure  3. 

The  X-376  fan  is  a  1.1  pressure  ratio,  tip- turbine-driven  fan.  The  fan 
tip  diameter  is  36  inches  with  a  hub  diameter  of  16.2  inches.  The  fan 
design  speed  is  4074  revolutions  per  minute.  The  tip  turbine  is 
located  radially  outboard  of  the  fan  tip  and  absorbs  power  over  about 
167  degrees  of  the  circumferential  arc;  the  remaining  part  of  the  tur¬ 
bine  arc  remains  inactive. 

The  engine  used  to  provide  gas  power  to  the  fan  turbine  was  the  T58-6A 
engine  converted  from  a  turboshaft  engine  to  a  conventional  jet  engine. 
Conversion  was  accomplished  by  removing  the  power  turbine  assembly  and 
by  modifying  the  power  turbine  nozzles  to  reduce  the  flow  restrictions 
at  that  location  in  the  engine. 
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Ducting,  bellows,  and  flow  straightening  sections  provided  the  flow  path 
for  routing  the  engine  exhaust  gases  to  the  fan  scroll  inlet.  The  gas 
drives  the  fan  turbine  over  the  167  degrees  of  active  arc.  The  f;.n  and 
turbine  exhaust  flows  were  then  discharged  into  a  common  annulus  before 
entering  the  exhaust  nozzle  system. 

MODEL 

The  complete  cruise  fan  model  consisted  of  the  fan  and  core  engine  and  all 
necessary  inlet  and  exhaust  systems  as  identified  in  Figure  3.  These 
included  the  fan  inlet  cowl,  engine  nacelle,  the  afterbody,  the  fan  and 
engine  bulletnoses  and  the  nozzle  plug.  Changes  of  model  configurations 
were  obtained  by  using  three  each  of  interchangeable  fan  inlets,  afterbodies 
and  nozzle  plugs.  These  components  were  matched  to  provide  eight  separate 
complete  nacelle  configurations  for  testing  in  this  program.  Figures  4,  5, 
6,  and  7  show  sketches  of  each  of  these  test  configurations  and  significant 
applicable  geometric  data.  This  range  of  configurations  was  tested  to 
investigate  inlet  cowl  design  for  a  range  of  nozzle  exit  areas  and  after¬ 
body  lengths. 

Internal  and  external  duct  coordinates  for  each  of  the  model  components  are 
listed  in  detail  in  Tables  I  through  XI.  Area  distributions  through  the 
three  inlet  and  six  nozzle  systems  are  shown  in  Figures  8  through  16.  Area 
distributions  through  the  engine  inlet  are  shown  in  Figure  17. 

A  description  of  the  test  hardware,  including  design  descriptions  and 
detailed  drawings  of  the  major  test  components,  is  given  in  Appendix  III. 

INSTRUMENTATION 


Pressure  instrumentation  was  provided  in  the  model  for  measurement  of  sur¬ 
face  and  air  stream  pressures.  About  500  individual  pressure  measurements 
were  provided  on  the  model  and  recorded  during  each  test  point  reading. 
Recording  of  the  pressures  was  accomplished  using  twelve  scanivalves  with 
the  measurements  stored  on  punched  cards.  This  recording  system,  which  is 
the  standard  equipment  used  by  NASA-Langley  for  pressure  measurements,  was 
capable  of  reading  and  recording  all  pressures  in  less  than  40  seconds. 

The  pressure  sensors,  wall  static  taps,  and  stream  total  and  static  probes 
were  located  at  several  angular  positions  and  at  different  axial  stations 
in  the  model.  The  location  of  each  angular  measurement  position  was 
assigned  a  letter  designation  as  shown  in  Figure  18.  Similarly,  a  number 
designation  was  assigned  to  each  axial  plane  or  station,  as  in  Figure  19. 
These  angular  and  axial  plane  designations  will  be  used  in  discussion  and 
identification  of  pressure  measurements  throughout  this  report. 
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The  location,  both  axial  and  radial,  for  each  of  the  surface  pressure 
measurements  provided  in  the  model  is  given  in  Tables  XII  through  XIX. 

The  tabulations  are  given  according  to  model  component  where  applicable. 
The  numbers  listed  in  the  tables  are  code  numbers  assigned  to  each 
pressure  probe.  The  absence  of  a  code  number  denotes  a  pressure  location 
that  is  not  applicable.  The  code  numbers  provided  identification  of  tab¬ 
ulated  data  and  test  results. 


The  listing  of  pressure  measurements  provided  for  determining  flow  con¬ 
ditions  throughout  the  model  is  given  in  Table  XX.  The  planes  where 
measurements  were  provided  are: 


o 

Engine  Compression 

Inlet  - 

Station 

2.0 

o 

Engine  Turbine  Discharge  - 

Stat ion 

5.1 

o 

Fan  Turbine  Discharge 

Station 

5.6 

o 

Fan  Rotor  Inlet 

- 

Station 

10.0 

o 

Fan  Rotor  Discharge 

- 

Station 

10.6 

o 

Fan  Stage  Discharge 

- 

Station 

11.0 

o 

Model  Base  at  Sting 

Mount  - 

Station 

14.0 

The  radial  location  of  each 
figuration  as  listed. 

of  the 

pressure  probes 

varied  with  test  con- 


In  addition  to  the  pressure  measurements,  temperature  probes  were  pro¬ 
vided  in  the  engine  discharge  flow  stream  for  measurement  of  gas  total 
temperature.  The  conventional  engine  exhaust  gas  temperature  harness 
was  used  for  engine  turbine  discharge  measurements.  This  system 
resulted  in  a  single  average  gas  temperature.  An  array  of  eight  temper¬ 
ature  probes  was  provided  in  the  fan  turbine  discharge  flow  path  at 
station  5.6  (Figure  19).  These  probes  were  located  at  the  same  posi¬ 
tions  as  the  fan  turbine  discharge  pressures  listed  in  Table  XX.  Each 
temperature  measurement  was  individually  recorded. 


In  addition  to  the  above  described  pressure  measurements  and  the  normal 
tunnel  test  condition  measurements,  the  following  were  also  recorded: 

o  Engine  and  fan  rotational  speeds 
o  Engine  and  fan  vibrations 
o  Engine  oil  pressure  and  temperature 
o  Fan  blade  vibratory  stress  levels 

o  Numerous  structural  and  cavity  temperatures  as  required  to  insure 
that  the  model  was  performing  satisfactorily  and  not  overheating 


SOUND  VIBRATION  MEASUREMENTS 

A  special  part  of  the  test  program  was  devoted  to  the  measurement  of 
pressure  fluctuations  and  noise  levels  at  the  surfaces  of  the  nacelle 
inlet  internal  duct.  These  measurements  were  taken  by  microphones 
installed  in  the  nacelle  surface  and  were  recorded  on  magnetic  tape.  The 
results  of  this  phase  of  the  test  program  are  summarized  in  Appendix  II. 
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PROCEDURES 


EXPERIMENTAL  TEST 

A  typical  test  run  in  the  wind  tunnel  consisted  of  setting  two  or  three 
different  wind  tunnel  Mach  numbers.  At  each  Mach  number  the  engine  power 
was  varied  between  "off"  and  the  maximum  possible  setting  as  determined 
by  either  engine  or  tan  design  speeds.  Five  or  six  engine  power  settings 
were  taken  at  each  tunnel  Mach  number.  Alter  both  the  wind  tunnel  and 
the  propulsion  system  had  stabilised  at  a  set  of  test  conditions,  a 
reading  ol  all  data  was  taken.  This  reading  included  all  force  measure¬ 
ments,  pressures,  t emperatures ,  and  propulsion  system  vibrations  and 
stresses.  A  complete  reading  would  normally  take  about  60  seconds. 
Following  completion  of  the  reading,  the  tunnel  or  engine  was  adjusted  to 
the  next  set  of  test  requirements. 

During  tests  of  several  of  the  models,  a  limit  test  Mach  number  was 
attained  when  tan  blade  stresses  exceeded  normal  operating  limits.  These 
high  stress  levels  were  attributed  to  operation  of  the  tan  at  off  design 
conditions  not  normally  encountered  in  a  typical  tan  operating  envelope. 
The  limit  Mach  numbers  established  by  these  conditions  are  ret lected  in 
the  range  of  test  Mach  numbers  used  tor  each  model. 

DATA  REDUCTION 


Reduction  of  experimental  data  into  usable  engineering  units  and  param¬ 
eters  was  pertormed  on  electronic  computing  machines.  The  data  reduction 
procedure  first  converted  all  measurements  from  coded  units  as  stored  on 
punched  cards  into  engineering  units  using  the  appropriate  calibration  and 
correction  factors.  Each  individual  measurement  was  then  printed  out  in 
absolute  units  as  well  as  coefficients  based  on  free-stream  velocity  head. 

The  next  step  of  the  data  analysis  procedures  was  to  use  the  basic  measure¬ 
ments  to  compute  propulsion  system  and  nacelle  performance.  A  detailed 
breakdown  of  the  equations  and  methods  used  in  analysis  of  the  test  data 
is  given  in  Appendix  I. 
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TEST  RESULTS 


USEFUL  CONVERSION  CHARTS 


Throughout  the  presentation  of  test  results  and  analysis  of  the  data, 
several  coefficient  forms  will  be  used  that  exhibit  unique  relationships 
among  one  another.  Figures  20  and  21  show  two  of  the  most  useful  of 
these  relationships.  Figure  20  shows  the  variation  of  the  speed  ratio 
parameter,  free-stream  Mach  number  divided  by  fan  tip  Mach  number,  with 
free-stream  Mach  number  and  corrected  fan  speed.  Figure  21  shows  the 
multiplying  factor  required  for  conversion  between  the  conventional  force 
coefficient  systems,  referenced  to  free-stream  velocity  heads,  and  the 
fan  coefficient  form,  referenced  to  fan  rotational  speed.  This  conver¬ 
sion  parameter  is  primarily  a  function  of  the  speed  ratio,  free-stream 
Mach  number  divided  by  fan  tip  Mach  number,  with  a  second-order  correc¬ 
tion  due  to  Mach  number. 

PROPULSION  SYSTEM  PERFORMANCE 


A  major  part  of  the  test  results  involve  the  aerothermodynamics  of  the 
propulsion  system.  The  propulsion  system,  consisting  of  the  fan,  core 
engine  and  ducting,  develops  thrust  levels  in  the  model  that  must  be  well 
defined  in  order  to  determine  the  nacelle  internal  and  external  perform¬ 
ance.  The  propulsion  system  performance  is  presented  for  each  of  the 
eight  test  configurations.  In  the  analysis  section,  the  effects  of  test 
variables  on  this  performance  are  analyzed. 

Core  Engine  Performance 

Figures  22  through  25  present  the  measured  engine  parameters  as  a  function 
of  engine  speed  for  Model  1.  The  figures  show  engine  inlet  airflow,  tur¬ 
bine  discharge  total  pressure,  exhaust  gas  tempera ture,  and  ideal  gas 
horsepower.  Engine  airflow  was  computed  using  measured  average  pressures 
at  the  engine  inlet  station.  Gas  horsepower  was  calculated  based  on 
average  turbine  discharge  flow  conditions  expanded  isentropically  to 
ambient  pressure.  All  engine  performance  is  standardized  using  measured 
engine  inlet  total  pressure  and  temperature.  Similar  engine  performance 
characteristics  for  the  seven  other  models  are  given  in  Figures  27  through  53. 

Fan  Performance 


Typical  fan  performance  characteristics  for  Model  1  are  shown  in  Figures 
54  through  64.  Figures  54  and  55  present  fan  airflow  and  pressure  ratio 
versus  speed  and  wind  tunnel  Mach  number.  Figures  56  through  60  show  the 
various  ideal  thrusts  and  drags  of  the  fan  system  for  the  range  of  test 
Mach  numbers  and  fan  speeds.  Fan  operating  characteristics  in  coefficient 
form  are  given  in  Figures  61  and  62.  Variations  of  fan  flow  coefficient 
with  Mach  number  and  speed  ratio,  and  free-stream  Mach  number  divided  by- 
fan  tip  Mach  number,  are  shown  in  Figure  61.  Figure  62  gives  the  values 
of  fan  pressure  coefficient  for  the  same  range  of  operating  conditions. 
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Figures  63  and  61  present  fan  net  thrust  variations  with  Mach  number  and 
speed  ratio.  The  thrust  in  these  curves  is  presented  in  fan  coefficient 
notation  for  an  assumed  nozzle  thrust  coefficient  of  0.95,  as  well  as  for 
an  ideal  nozzle  system.  Detailed  procedures  used  in  calculating  these 
parameters  are  given  in  Appendix  I. 

Similar  performance  for  the  seven  other  test  models  is  given  in  Figures 
65  through  141, 

Fan  Power  Absorption 

Since  the  propulsion  system  had  a  confluent  exhaust  nozzle  system,  the 
power  absorbed  by  the  fan  system  is  an  important  test  result.  A  confluent 
nozzle  system  in  this  case  combines  the  exhausts  of  both  the  fan  discharge 
and  fan  turbine  discharge  streams  into  a  single  flow  area  prior  to  acceler¬ 
ation  at  the  nozzle  throat.  The  power  extraction  in  the  fan  turbine  is 
then  established  by  the  conditions  where  the  two  streams  unite.  These 
conditions  are  discussed  later.  The  data  required  to  provide  the  future 
analysis  are  shown  in  Figures  142  through  165  for  the  eight  test  models. 

The  figures  depict  fan  turbine  pressure  ratio  and  temperature  ratio  as  a 
function  of  fan  rotational  speed  and  test  Mach  number.  Fan  horsepower 
requirements  are  presented  as  the  ideal  gas  horsepower  required  for  a  given 
fan  speed  and  Mach  number.  The  procedures  used  in  calculating  the  gas 
horsepower  are  given  in  Appendix  I.  The  third  characteristic  shown  for 
each  model  is  the  variation  of  gas  horsepower  being  extracted  by  the  fan 
turbine  as  a  function  of  engine  corrected  speed.  This  horsepower  param¬ 
eter  will  be  required  in  analysis  of  the  power  requirements  of  the  fan 
system. 

Balance  Data 

For  each  set  of  test  conditions,  net  forces  acting  on  the  model  were 
recorded  on  the  strain  gaged  balance  system.  The  forces  were  recorded  for 
three  axes,  axial  force,  normal  force,  and  longitudinal  moments. 

Static  Performance 

Each  test  model  was  run  in  the  tunnel  under  conditions  of  near  zero 
velocity.  The  axial  and  normal  forces  and  pitching  moments  for  each  test 
model  as  measured  on  the  balance  system  are  shown  in  Figures  166  through 
173.  Forces  and  fan  speed  are  corrected  to  standard  atmospheric  conditions. 

Perfoimance  With  Tunnel  Speed 

Net  forces  acting  on  the  models,  as  obtained  from  balance  measurements,  are 
shown  in  Figures  174  through  181.  These  figures  present  the  forces  in 
coefficient  form  using  free-stream  velocity  head  as  the  reference  speed. 
Tunnel  speed  is  standardized  using  the  speed  ratio  parameter,  free-stream 
Mach  number  divided  by  fan  tip  Mach  number.  It  is  interesting  that  the 
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characteristics  appear  to  converge  to  a  single  curve,  independent  of  Mach 
number  and  fan  rotational  speed.  Similar  coefficient  notations  have 
succeeded  in  correlating  results  of  other  low  speed  tests  of  the  fan 
system. 

PRESSURE  DISTRIBUTIONS 

Pressure  measurements  were  taken  to  determine  surface  static  pressure  dis¬ 
tributions  and  flow  conditions  throughout  the  model.  The  following  dis¬ 
cussion  will  present  representative  pressure  distributions  for  each  of  the 
test  models.  The  characteristics  presented  were  selected  to  show  signifi¬ 
cant  effects  of  each  test  variable. 

Flow  Conditions 


Flow  conditions  were  measured  at  the  inlet  and  discharge  planes  of  both  the 
core  engine  and  the  fan  system.  These  measurements  were  taken  by  arrays  of 
total  and  static  probes,  as  defined  in  the  instrumentation  listings  given 
in  the  appendixes.  The  following  discussion  will  present  typical  total 
and  static  pressure  distribution  along  the  engine  and  fan  flow  paths. 

Engine  Inlet 

Figures  182  through  186  show  measured  total  and  static  pressure  distri¬ 
butions  at  the  engine  inlet,  station  2.0.  These  figures  show  a  relatively 
uniform  velocity  profile,  as  indicated  by  the  static  pressure  levels,  with 
a  fairly  thick  boundary  layer  adjacent  to  the  outer  wall  or  tip.  A  slight 
circumferential  variation  of  static  pressure,  and  consequently  velocity, 
is  apparent  in  comparing  pressures  for  the  22-degree  and  202-degree  planes. 
This  variation  probably  results  from  the  slight  flow  turning  that  occurs 
in  the  engine  inlet  just  upstream  of  the  measurement  plane. 

Engine  Turbine  Discharge 

Engine  discharge  total  pressure  was  measured  in  the  ducting  system  between 
the  core  engine  and  the  fan  turbi  scroll  inlet.  The  measurement  plane 
is  located  downstream  of  the  transition  duct,  flow  straightener ,  and  bellows 
systems.  Figure  187  shows  the  total  pressure  distribution  at  the  core 
engine  discharge  for  a  range  of  engine  speeds.  Figure  188  shows  these  dis¬ 
tributions  under  windmill  conditions.  As  is  apparent,  these  total  pressure- 
profiles  are  practically  constant  across  the  duct  area. 

Fan  Inlet 

Fan  inlet  total  and  static  pressure  profiles  were  measured  by  an  array  of 
Pitot-static  probes  located  about  94  inches  forward  of  the  fan  rotor 
center  line.  For  inlet  configurations  1  and  2,  this  location  is  well 
inside  the  inlet  contours.  For  inlet  configuration  3,  this  measurement 
station  is  less  than  three  inches  aft  of  the  inlet  leading  edge.  At  this 
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location,  the-  flow  included  both  radial  and  axial  components;  therefore, 
these  pressure  measurements  may  exhibit  possible  errors  that  may  affect 
the  inlet  airflow  calculation.  Caution  should  be  used  when  performing 
analysis  using  inlet  3  airflow  measurements. 

Typical  fan  inlet  total  and  static  pressure  distributions  are  shown  in 
Figures  189  through  20-1.  Inlet  pressure  distributions  for  Model  1,  Model 
2,  and  Model  1,  Figures  189  through  200,  show  effects  of  t he  inlet  geom¬ 
etry  on  rotor  inlet  velocity  profiles  with  a  fixed  fan  discharge  geometry. 
Effects  of  Mach  number  are  shown  by  a  series  of  four  figures  for  each 
model . 

The  trend  of  the  pressure  distributions  shows  that  the  rotor  inlet  velocity 
decreases  from  the  hub  to  the  tip  for  the  cases  where  the  long  inlets  are 
used.  The  short  inlet  appears  to  reverse  this  trend  for  static  conditions 
where  Mach  number  equals  zero.  It  is  also  apparent  that  increases  in 
tunnel  speed  produce  small  changes  in  the  inlet  velocity  distributions. 

From  these  observations,  it  becomes  apparent  that  the  fan  rotor  iniet 
velocity  distributions  are  nearly  in sensitive  to  inlet  geometry  and  tunnel 
speed.  This  infers  that  the  fan  system  operation  may  be  invariant  with 
Mach  number  and  configuration. 

Figures  201  through  204  present  fan  inlet  pressure  profiles  for  the  model 
with  the  maximum  fan  nozzle  discharge  area.  The  primary  difference  between 
these  and  the  previously  described  profiles  may  be  observed  at  static  con¬ 
dition.  Here,  the  rotor  inlet  velocity  profile  is  more  uniform  from  hub 
to  tip  than  for  the  case  in  which  the  fan  is  throttled  because  of  a  small 
discharge  area. 

Fan  inlet  pressure  distributions  during  windmilling  conditions  are  shown 
in  Figures  205  and  206  for  two  extreme  Mach  numbers,  0,30  and  0.80.  These 
pressure  distributions  are  very  similar  to  the  cases  described  above,  when 
the  fan  w is  operating  at  near  maximum  power. 

Observation  of  the  total  pressure  distribution  for  each  test  configuration 
shows  a  boundary  1  ’ver  adjacent  to  the  outer  wall  or  tip.  This  boundary 
layer  increases  n  thickness  or  depth  proportional  to  the  inlet  length. 
Model  1  has  the  thickest  boundary  layer  and  Model  3,  the  thinnest. 

The  pressure  losses  associated  with  these  boundary  layers  were  calculated 
using  the  methods  described  in  Appendix  I.  Analysis  of  the  associated  loss 
coefficients  is  performed  later. 

Rotor  Discharge 

In  following  the  flow  through  the  fan  system,  the  next  logical  measurement 
plane  is  at  the  fan  rotor  discharge.  Typical  fan  rotor  discharge  pressure 
distributions  for  Models  1,  2,  4,  and  3  arc  shown  in  Figures  207  through 
210.  Each  figure  shows  the  radial  and  circumferential  variation  of  rotor 


discharge  pressure  for  a  range  of  Mach  numbers.  Each  of  these  curves 
represents  the  same  test  conditions  as  used  for  the  fan  inlet  distribu¬ 
tions  in  Figures  189  through  204. 

For  the  case  when  the  fan  is  throttled  by  a  small  nozzle  area,  Models  1, 

2  and  4,  the  rotor  discharge  pressures  appear  to  be  low  at  the  static 
conditions,  especially  at  the  tip  region.  Apparently,  the  rotor  inlet 
flow  conditions  are  such  that  the  tip  is  near  stall  and  operating  with 
excessive  losses.  It  should  be  noted,  as  will  be  discussed  later,  that 
a  small  nozzle  area  at  static  conditions  makes  the  fan  operate  way  off 
design  and  this  effect  is  normal. 

As  the  Mach  number  is  increased,  the  rotor  pressures  tend  to  increase  to 
a  certain  level  as  the  fan  system  reaches  its  normal  operating  point. 

The  operating  point  movement  is  indicated  by  changes  in  the  flow 
coefficient.  A  flow  coefficient  of  about  0.50  is  the  design  point.  At 
Mach  numbers  above  this  level,  the  rotor  discharge  pressures  drop  off 
sharply  as  the  fan  again  begins  to  operate  off  design  in  regions  of  high 
losses. 

Figure  210  shows  rotor  discharge  profiles  for  Model  3,  which  has  the  max¬ 
imum  nozzle  area.  Here  the  rotor  pressure  is  high  at  static  conditions, 
since  the  fan  is  operating  near  design  conditions.  Increases  in  Mach 
number  produce  reduced  rotor  discharge  pressures  as  the  fan  flow  coeffi¬ 
cient  moves  above  the  design  value. 

Figure  211  presents  both  rotor  and  fan  discharge  total  pressure  distribu¬ 
tions  under  conditions  of  windmilling.  Total  pressure  losses  are  observed 
as  an  average  total  pressure  at  the  rotor  discharge  that  is  less  than  the 
fan  inlet  pressure.  However,  the  radial  distributions  indicate  that  the 
hub  puts  energy  into  the  flow,  while  the  tip  extracts  sufficient  energy  to 
drive  the  hub,  plus  that  necessary  to  compensate  fer  losses. 

Fan  Discharge 

Fan  discharge  pressure  distributions  taken  downstream  of  the  fan  stator 
row  are  shown  in  Figures  212  through  215.  These  distributions  are  similar 
to  the  rotor  discharge  described  above,  but  modified  because  of  fan  stator 
losses. 

Surface  Pressure  Distributions 


Axial  and  circumferential  pressure  distributions  were  measured  on  each 
surface  of  the  models  by  wall  static  pressure  taps.  Representative  surface 
pressure  distributions  will  be  presented  to  show  trends  of  the  data  or 
specific  flow  effects. 
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Engine  Nacelle  Internal  Pressure  Distributions 


Typical  engine  inlet  pressure  di stributions  along  the  internal  surfaces 
are  shown  in  Figures  216  through  219.  The  data  presented  in  these  figures 
were  obtained  during  the  tests  of  Model  2,  and  are-  representative  of  the 
other  seven  models.  No  abnormal  flow  conditions  are  indicated  by  these 
pressure  distributions. 

Fan  Inlet  Internal  Pressure  Distributions 

Typical  pressure  distributions  for  the  fan  inlet  internal  surfaces  are 
presented  in  Figures  220  through  237.  Pressure  distributions  are  shown 
for  each  of  the  three  inlet  configurations  for  a  range  of  Mach  numbers  and 
mass  flow  ratios.  Pressure  distribution  along  the  bulletnose  surface  is 
also  shown  on  each  figure.  Changes  in  the  level  of  the  peak  pressure 
coefficient  occur  as  a  function  of  Mach  number  and  power  setting.  These 
pressure  distributions  are  discussed  in  the  analysis  section. 

Engine  Nacelle  External  Pressure  Distributions 

The  engine  nacelle  and  inlet  system  were  assumed  to  represent  the  complete 
cylindrical  surface  along  the  lower  part  of  the  model.  This  surface 
extends  from  the  engine  inlet  leading  edge  back  to  the  most  aft  edge  ol 
the  model.  Typical  engine  nacelle  pressure  distributions  taken  along  the 
five  axial  planes  on  the  inlet  are  shown  in  Figures  238  through  249  for  a 
range  of  Mach  numbers  and  engine  speed  settings.  The  zero-degree  or  top 
plane  is  in  line  with  the  fan  iniet;  therefore,  the  aft  part  of  this 
pressure  distribution  reflects  the  effects  of  the  fan  inlet  as  a  coeffi¬ 
cient  approaching  a  stagnation  pressure  level.  The  be  tom  pressure  dis¬ 
tribution  extends  from  the  leading  edge  to  the  extreme  aft  edge  of  the 
model.  Near  an  axial  distance  of  0,60  to  0.80,  a  negative  pressure  coeffi¬ 
cient  exists,  reflecting  effects  of  the  fan  nacelle  thickness  distribu¬ 
tion. 

Fan  Nacelle  External  Pressure  Distributions 

Fan  nacelle  external  pressure  distributions  were  obtained  by  numerous  sur¬ 
face  pressure  taps  located  on  both  radial  and  axial  planes  along  the  model. 
Typical  axial  pressure  distributions  along  four  different  planes  of  Model 
1  are  shown  in  Figures  250  through  255.  The  distributions  are  presented 
for  three  test  Mach  numbers:  one  at  the  lowest  speed,  another  at  the 
highest  test  Mach  number,  and  the  third  at  some  intermediate  value.  When¬ 
ever  possible,  two  values  of  engine  or  fan  power  setting  are  shown:  wind¬ 
mill  and  near  maximum  power.  These  pressure  distributions  show  a  relatively 
high  negative  pressure  coefficient  near  the  leading  edge  and  a  gradual 
recovery  of  pressure  toward  a  pressure  coefficient  near  zero  at  the  aft 
part  of  the  nacelle.  Circumferential  variations  in  pressure  coefficient 
are  also  shown,  with  the  largest  coefficients  occurring  in  the  region  of 
the  fan  to  engine  nacelle  fairing. 


When  the  pressure  coefficient  level  for  critical  flow,  that  is  ,  a  local 
Mach  number  of  1.0,  is  within  the  scales  of  the  figures,  the  level  is 
shown  and  identified.  Nacelle  pressure  distributions,  covering  the  same 
range  of  test  conditions,  are  presented  in  Figures  256  through  294  for 
the  other  seven  test  configurations.  Comparison  of  these  pressure  coeffi¬ 
cient  distributions  for  each  test  model  is  performed  later  in  this  report. 

Nozzle  and  Plug  Pressure  Distributions 

The  exhaust  nozzle  used  in  the  nacelle  system  consists  of  an  outer  shroud 
and  a  plug  that  extends  aft  of  the  plane  of  the  nozzle  throat.  The 
pressure  levels  on  the  plug  downstream  regions  are  affected  by  both  the 
nozzle  jet  flow  and  the  nacelle  external  flow  and  are  therefore  a  function 
of  both  the  free- stream  Mach  number  and  fan  power  settings.  Figures  295 
through  339  present  plug  pressure  distributions  for  the  eight  test  models. 
The  data  shown  are  at  the  same  test  conditions  that  existed  for  the 
nacelle  external  pressure  distribution  shown  in  Figures  250  through  294, 

Pressure  coefficient  values  equivalent  to  nozzle  inlet  total  pressure  and 
critical  flow  conditions  are  shown  on  each  figure  when  possible. 

Pressure  distributions  along  the  nozzle  surfaces  during  static  conditions 
are  shown  in  Figures  340  through  347.  These  pressure  distributions  are 
presented  as  a  pressure  coefficient,  referenced  to  rotor  discharge  total 
pressure.  The  pressure  distributions  are  shown  for  the  maximum  power 
setting  tested  for  each  model. 

TUNNEL  WALL  PRESSURES 

Tunnel  static  pressure  was  measured  by  a  row  of  static  pressure  taps  located 
along  the  center  of  one  of  the  tunnel  flats.  This  static  pressure,  along 
with  the  tunnel  total  pressure,  was  then  used  to  compute  the  axial  Mach 
number  distribution.  Figure  348  presents  typical  Mach  number  distributions 
along  the  tunnel  flat  of  a  range  of  nominal  test  Mach  numbers  from  0.2 
through  0.8.  Each  distribution  shows  a  deceleration  of  the  flow  upstream 
of  the  model  inlet,  then  an  acceleration  to  a  level  greater  than  nominal  at 
the  model  maximum  diameter.  Downstream  of  the  model,  the  flow  decelerates 
as  it  enters  the  diffuser  section  of  the  tunnel.  The  slight  rise  in  veloc¬ 
ity  near  tunnel  station  139  is  apparently  caused  by  the  effects  of  termina¬ 
tion  of  the  wind  tunnel  slots  and  beginning  of  the  diffuser.  Similar  Mach 
number  distributions  with  the  model  not  installed  in  the  wind  tunnel  show 
an  almost  constant  value  of  Mach  number  throughout  the  test  section. 

The  non-uniformity  of  these  Mach  number  distributions  caused  considerable 
concern  and  doubt  as  to  the  accuracy  of  the  test  results  and  possible  large 
wind  tunnel  interaction  effects.  Because  of  this  concern,  a  1/5  scale  size 
of  Model  7  was  constructed  and  tested  in  this  same  wind  tunnel.  The  model 
was  sufficiently  instrumented  with  static  pressure  probes  for  determination 
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of  surface  pressure  distribution.  Comparison  of  surface  pressure  dis¬ 
tributions  of  both  the  full  size  and  1/5  scale  models  showed  excellent 
agreement,  well  within  normal  repeatability  of  the  same  model  during  two 
different  tests  at  the  same  conditions.  The  conclusions,  as  a  result  of 
this  comparison,  are  that  the  wall  pressure  distributions  are  the  result 
of  normal  streamline  curvature  at  a  distance  out  from  the  model  equiv¬ 
alent  to  the  location  of  the  wind  tunnel  walls. 

PERFORMANCE  WITH  VARIABLE  ANGLE  OF  ATTACK 

Tests  to  determine  the  effects  of  angle  of  attack  were  conducted  on  Model 
8.  The  range  of  angle  of  attack,  as  determined  by  balance  load  limits, 
was  from  -2.0  degrees  to  +8.0  degrees  at  Mach  numbers  of  0.30  and  0.50 
and  from  -2.0  degrees  to  +5.0  degrees  at  a  Mach  number  of  0.70.  The 
results  showed  that,  within  the  test  accuracy,  the  performance  of  the  pro¬ 
pulsion  system  did  not  change  for  the  range  of  this  test.  Therefore,  the 
previously  presented  propulsion  system  performance  for  Model  8  is  appli¬ 
cable;  that  is,  angle  of  attack  had  no  effect  on  internal  performance.  The 
following  test  results  show  the  variables  that  were  affected  significantly 
by  changes  in  angle  of  attack. 

Balance  Data 

At  each  angle  of  attack  and  speed  setting,  the  balance  forces  were  recorded, 
along  with  all  pressure  data.  Figures  349  through  357  show  the  measured 
lift,  drag  and  moments  for  the  three  test  Mach  numbers  as  a  function  of 
angle  of  attack.  The  balance  data  is  presented  in  fan  coefficient  notation, 
using  fan  tip  speed  as  the  reference  parameter.  The  zero  angle  of  attack 
data  for  Model  8  were  converted  to  this  coefficient  form  and  are  included  in 
the  figures.  The  data  presented  in  this  form  show  clearly  the  effects  of 
angle  of  attack.  An  explanation  of  the  trends  of  these  forces  and  moments 
will  follow  later  in  this  report. 

Surface  Pressure  Distributions 

All  surface  pressures  were  recorded  for  each  angle  of  attack  setting.  Rep¬ 
resentative  internal  and  external  pressure  distribution  showing  the  extremes 
of  angle  of  attack  and  Mach  number  are  shown  in  Figures  358  through  364. 
Figures  358  and  359  present  the  engine  nacelle  external  pressure  distribu¬ 
tion  for  Mach  numbers  of  0.30  and  0.70.  Pressure  distributions  for  the 
extreme  angle  of  attack  are  compared.  Figures  360  and  361  present  similar 
external  pressure  distributions  for  the  fan  nacelle.  These  pressure  dis¬ 
tributions  show  the  increases  in  local  pressure  coefficient  with  angle  of 
attack.  Figures  362  and  363  show  fan  inlet  internal  pressure  distribution, 

•  again  for  the  same  range  in  test  variables.  These  distributions  show  that 

angle  of  attack  causes  large  increases  in  local  lip  velocities,  but  all 
these  irregularities  are  absent  at  the  fan  inlet  station.  This  smoothing 
of  the  flow  profiles  results  in  consistent  fan  performance  with  variable 
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angle  of  attack.  Nozzle  plug  pressure  distributions  arc  shown  in  Figure 
364.  These  characteristics  show  that  the  plug  pressure  distributions 
were  not  affected  by  angle  of  attack,  within  the  range  of  this  test  pro¬ 
gram. 


» 
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ANALYSIS  OF  TEST  RESULTS 


The  following  discussion  will  present  analysis  and  evaluation  of  the  test 
results.  The  analysis  will  be  treated  as  four  classes  or  categories: 

1.  Propulsion  system  aerothermodynamic  performance 

2.  Nacelle  internal  aerodynamic  performance 

3.  Nacelle  external  aerodynamic  performance 

4.  System  performance  including  nacelle  drag  and  effects  of  angle 
of  attack 

PROPULSION  SYSTEM  PERFORMANCE 


The  propulsion  system  includes  the  fan,  the  fan  turbine  system,  and  the 
core  engine.  Analysis  of  the  core  engine  will  be  limited  to  evaluation 
of  the  turbine  discharge  conditions  as  they  apply  to  fan  system  perform¬ 
ance.  The  basic  measured  conditions  at  the  core  engine  discharge  have 
previously  been  presented  in  the  test  results.  Analysis  of  fan  system 
performance  will  include  definition  ol  both  the  fan  system  and  fan  turbine 
operating  characteristics.  Analysis  of  a  set  of  boundary  conditions  used 
to  establish  performance  of  the  confluent  nozzle  system  will  also  be  pre¬ 
sented. 

Fan  Turbine  Performance 


During  the  test,  measurements  for  determination  of  fan  turbine  performance 
included  flow  conditions  at  the  fan  turbine  inlet  and  pressure  and  tem¬ 
perature  measurements  at  the  fan  turbine  discharge  plane.  These  measure¬ 
ments  were  used  to  determine  the  fan  turbine  performance  shown  in  Figures 
365  through  371.  The  curves  present  variation  of  turbine  flow  function 
and  total  to  total  pressure  ratio,  with  respect  to  fan  turbine  speed. 
Representative  data  are  shown  for  two  test  models,  Model  3  and  Model  6. 

These  two  models  represent  extremes  of  turbine  operating  conditions,  Model 
3  being  the  maximum  nozzle  area  configuration  and  Model  6  being  a  typical 
minimum  area.  Turbine  efficiency  based  on  the  turbine  pressure  ratio  and 
temperature  ratio  is  not  shown,  because  the  measurement  system  was  not  set 
up  with  the  intention  of  obtaining  this  performance  indicator. 

Comparison  of  the  measured  turbine  performance  characteristics  with  pre¬ 
dicted  performance  is  accomplished  in  Figures  375  and  376.  These  character¬ 
istics  show  predicted  and  measured  performance  as  changes  of  turbine  flow 
function  with  turbine  pressure  ratio  at  constant  values  of  turbine  speed. 
Figures  375  and  376  show  data  obtained  from  Model  3  and  Model  6,  respec¬ 
tively.  Comparison  of  the  measured  and  predicted  performance  shows  excel¬ 
lent  agreement.  Maximum  differences  between  measured  and  predicted  flow 
functions,  at  a  given  pressure  ratio,  are  about  two  percent.  This  deviation 
is  well  within  the  test  accuracy,  and  for  practical  purposes,  the  fan  tur¬ 
bine  performance  in  the  model  verified  predicted  performance.  One  addi¬ 
tional  comment  should  be  made  concerning  turbine  performance  for  Model  6. 
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as  shown  in  Figure  376.  Here,  the  slope  of  the  flow  function  curve  is 
steeper  than  predicted.  This  difference  in  slope  may  possibly  be  the 
result  of  the  following  step-by-step  description: 

o  At  a  given  turbine  speed,  turbine  pressure  ratio  increases  as 
the  result  of  higher  tunnel  Mach  numbers. 

o  As  the  tunnel  Mach  number  is  increased,  the  ambient  static 
pressure  reduces  to  produce  the  increased  Mach  number,  tunnel 
total  pressure  remaining  nearly  equal  to  atmospheric  pressure. 

o  This  reduction  in  static  pressure  causes  similar  decreases  in 
pressure  levels  inside  the  model  cavities;  for  example,  the 
engine  and  fan  system  bay  areas. 

o  The  pressure  ratio  across  seals  between  the  fan  scroll  and  mating 
static  parts  therefore  increases,  because  the  turbine  inlet 
pressure  remains  nearly  constant. 

o  Since  these  seals  do  leak  small  amounts  of  flow  upstream  of  the 
fan  turbine  system,  the  increased  pressure  ratio  across  the  seals 
results  in  proportioned  increases  in  leakage  relative  to  the 
turbine  flow. 

o  This  leakage  flow  is  part  of  the  turbine  flow  function  as  presented 
in  curves,  and  does  not  really  pass  through  the  fan  turbine  system; 
thus  it  appears  as  a  higher  than  predicted  flow  function. 

o  The  differences  are  greater  for  Model  6  than  for  Model  3  because  of 
the  higher  test  Mach  numbers. 

The  data  do  show  this  trend,  and  the  above  discussion  is  a  plausible 
explanation  of  the  apparent  small  differences  between  predicted  and 
measured  performance. 

Fan  Performance 

Basic  fan  performance  data  are  usually  presented  as  a  flow  coefficient 
versus  pressure  coefficient  characteristic,  A  second  characteristic 
showing  system  or  product  efficiency,  turbine  efficiency  multiplied  by  fan 
efficiency,  versus  flow  coefficient  then  provides  a  means  of  determining 
the  power  required  to  operate  the  fan  at  a  given  operating  condition. 

These  characteristics  were  measured  or  calculated  directly  from  the  test 
results  and  are  presented  in  Figures  377  through  384  for  each  of  the 
test  models.  In  obtaining  this  performance,  the  operating  conditions  of 
the  fan,  that  is,  flow  coefficient,  were  varied  by  changing  nozzle  area, 
Mach  number  and  fan  speed  in  numerous  combinations.  The  values  of 
pressure  coefficient  and  flow  coefficient  were  obtained  directly  from  the 
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figures  shown  in  the  test  results.  Stage  efficiency  was  calculated  based 
on  ratio  of  gas  horsepower  developed  in  the  fan  stream  to  power  absorbed 
in  the  fan  turbine  system.  The  equations  and  relationships  used  in  this 
calculation  are  given  in  Appendix  I. 

Numerous  comparisons  of  the  eight  sets  of  characteristics  may  be  made  to 
show  any  possible  effects  due  to  changes  in  nacelle  geometry  in  either  the 
fan  inlet  or  nozzle  system. 

Comparison  of  the  curves  for  Models  1,  2  and  4  shows  the  effects  of  changing 
the  inlet  geometry.  Model  1  has  the  longest  inlet  system  and  Model  4  the 

shortest.  For  a  flow  coefficient  of  0.5  and  below,  all  three  sets  of  per¬ 

formance  are  basically  the  same,  indicating  no  effect  due  to  inlet  geometry. 
This  range  of  flow  coefficients  is  representative  ol  low  Mach  number  and 
high  fan  power  levels.  In  the  high  flow  coefficient  regions  greater  than 
0.5,  the  pressure  coefficient  for  a  given  flow  coefficient  is  highest  for 
the  longest  inlet  and  lowest  for  the  shortest  inlet.  This  indicates  that 

the  inlet  does  have  some  effect,  and  is  possibly  the  result  of  rotor  inlet 

velocity  distributions.  At  these  values  of  flow  coefficient,  the  shortest 
inlet  has  low  tip  and  high  hub  axial  velocities  at  the  rotor  inlet,  as  com¬ 
pared  to  the  long  inlet.  This  is  observed  by  comparison  of  the  rotor  inlet 
static  pressure  distributions  in  Figures  189  through  206.  Since  the  rotor 
is  operating  at  high  flow  coefficient  conditions,  the  fan  blading  is  at 
negative  incidence  angles  and  operating  with  high  losses.  For  the  short 
inlet,  the  reduced  axial  velocity  at  the  tip  brings  the  local  blade  inci¬ 
dence  angle  more  nearly  to  the  design  value,  and  consequently  the  blade 
losses  are  decreased.  However,  at  the  hub,  the  axial  velocity  is  higher  and 
the  blading  in  this  regicn  operates  still  further  off  design.  Therefore, 
the  hub  losses  increase  considerably,  since  variation  of  losses  with 
changes  of  incidence  angle  from  design  values  is  a  quadratic  or  high  power. 
The  increase  in  losses  far  overshadows  the  decrease,  and  consequently  the 
pressure  ratio  is  lower  for  the  short  inlet  system. 

Effects  of  nozzle  geometry,  both  area  and  length  behind  the  fan  discharge, 
may  be  observed  by  comparison  of  the  performance  of  several  different 
models.  Models  3  and  4  represent  the  smallest  and  largest  nozzle  area 
range,  the  only  geometry  change  being  the  plug  system.  Models  6  and  8  have 
the  same  area,  Model  6  having  a  short  afterbody  or  nozzle  and  Model  8  having 
the  longest  one.  Models  4  and  5  represent  a  change  in  nozzle  area  with  no 
change  in  the  inlet.  The  diameter  of  the  nozzle  is  also  different  between 
the  two  models. 

Comparison  of  the  above  sets  of  performance  characteristics  shows  that  there 
is  no  appreciable  change  in  performance  due  to  nozzle  area  changes  or  nozzle 
geometry,  either  length  or  diameter. 

Based  on  the  above  discussions  and  the  general  characteristics  of  fan  oper¬ 
ation,  the  following  statements  may  be  made  concerning  fan  operation  and 
performance : 


1.  Peak  system  product  efficiency  is  about  62  percent  and  occurs  at 
a  flow  coefficient  of  0.55,  This  efficiency  is  the  total  product 
efficiency  and  accounts  for  fan  efficiency,  turbine  efficiency, 
scroll  losses,  and  seal  leakage. 

2.  Fan  performance,  pressure  coefficient  and  efficiency,  is  unaffected 
by  the  levels  of  external  Mach  number  at  a  given  flow  coefficient. 

3.  Changes  in  exhaust  nozzle  area  and  geometry,  within  the  ranges  of 
this  test,  do  not  affect  fan  performance  at  a  given  operating  con¬ 
dition. 

4.  Changes  of  inlet  geometry,  in  particular  length,  appear  to  affect 
fan  performance  at  high  flow  coefficient  regions  greater  than  0.6. 
The  fan  pressure  rise  was  lower  for  the  short  inlet  than  for  the 
long  inlet.  These  differences  in  performance  are  of  little  concern, 
since  off  design  flow  coefficients  in  this  region  would  be  typical 
only  of  high  speed,  deceleration  or  let-down  flight  of  a  vehicle 
powered  by  a  cruise  fan  type  propulsion  system. 

3.  Based  on  all  of  these  data,  it  is  possible  to  select  a  probable  fan 
performance  characteristic  that  best  defines  the  X376  fan  system. 

The  recommended  typical  average  characteristic  is  Model  2,  Figure 
378. 

Power  Balance 


The  exhaust  nozzle  system  used  on  each  test  model  uses  the  principle  of 
confluent  flow  in  a  single  nozzle  throat.  This  system  combines  both  the 
cold  fan  and  the  hot  fan  turbine  streams  into  a  single  flow  system  just 
downstream  of  the  stage  discharge  planes.  The  flow  is  then  allowed  to  per¬ 
form  a  free  mixing  process  and  is  discharged  through  a  single  annular 
nozzle  throat.  The  unique  problem  of  this  type  of  nozzle  system  is  how  to 
determine  the  flow  split  in  the  nozzle  throat,  which  in  turn  then  estab¬ 
lishes  the  interdependent  operating  conditions  of  both  the  fan  and  the  fan 
turbine. 

The  combined  operating  conditions  then  establish  the  rotational  speed  of 
the  fan  by  maintaining  power  balance  between  the  fan  and  the  fan  turbine, 
taking  into  consideration  the  appropriate  efficiencies. 

Performance  predictions  of  the  fan  with  a  confluent  nozzle  system  force  the 
power  balance  by  assuming  the  discharge  static  pressures  to  be  equal  at  the 
plane  where  mixing  is  initiated.  Referring  to  Figure  3,  the  plane  in  ques¬ 
tion  is  at  the  downstream  end  of  the  flow  splitter.  The  results  obtained 
during  this  test  program  were  used  to  validate  this  assumption  of  equal 
static  pressures  of  the  two  streams. 

Direct  measurements  of  the  stream  static  pressures  were  net  taken  for  either 
the  fan  or  the  fan  turbine  streams.  However  sufficient  measurements  were 
taken  to  permit  the  calculation  of  an  effective  static  pressure  for  each  of  the 
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streams.  A  comparison  of  these  pressures  then  was  used  as  a  basis  for 
checking  the  assumptions.  The  effective  static  pressures  were  computed 
using  one-dimensional  compressible  flow  relationships  and  measured 
values  of  total  pressure,  temperature  and  mass  flow  of  the  two  streams. 

The  measured  values  of  these  parameters  for  the  fan  turbine,  denoted  by 
subscripts  2.0,  5.1  and  5.6,  and  for  the  fan  stream,  denoted  by  10.0  and 
11.0,  have  been  presented  in  the  test  results.  The  area  used  in  the 
calculations  was  the  geometric  flow  area  at  the  plane  of  the  flow  splitter 
trailing  edge,  with  no  flow  coefficient  correction.  These  areas  were 
different  for  each  model  and  are  listed  below: 


Model  (  s) 

Fan  Area 

Fan  Turbine  Area 

1,  2  and  4 

768 

128 

3 

910 

128 

5 

844 

128 

6 

852 

128 

7  and  8 

860 

128 

The  results  of  this  analysis  are  presented  in  Figure  385  as  a  ratio  of  the 
two  pressures  and  as  a  function  of  fan  rotational  speed.  Data  for  all  eight 
test  models  and  each  Mach  number  are  shown.  The  data  show  that  the  assump¬ 
tion  of  equal  static  pressures  of  the  two  flows  is  verified  by  the  test 
data  to  within  plus  or  minus  one  percent. 

These  differences  may  be  due  to  the  assumption  of  a  unity  flow  coefficient 
for  the  flow  areas  and  the  distortion  levels  in  the  two  streams.  In  any 
case,  cycle  calculations  h? /e  shown  that  these  small  differences  in  pressure 
level  produce  negligible  < hanges  in  predicted  performance.  A  discussion  of 
the  flow  areas  occupied  by  each  stream  in  the  nozzle  throat  is  provided  in 
the  section  which  discusses  exhaust  nozzle  system  performance. 

NACELLE  INTERNAL  PERFORMANCE 


Nacelle  internal  performance  analysis  includes  a  discussion  of  losses  asso¬ 
ciated  with  both  the  fan  and  engine  inlet  system  and  performance  of  the 
exhaust  nozzle  system. 

Inlet  Performance 


Measurements  taken  during  the  test  program  included  surface  static  pressure 
distributions  and  total  pressure  distributions  at  the  inlet  to  the  respec¬ 
tive  propulsion  system  component.  Typical  pressure  distributions  as  mea¬ 
sured  have  been  presented  in  the  test  results  for  both  the  surface  and  the 
inlet  profiles. 

Inlet  losses  were  obtained  by  calculating  an  average  total  pressure  at  the 
fan  or  engine  inlet  and  comparing  this  to  ambient  or  free  stream  total 
pressure.  The  calculation  procedures  used  in  obtaining  the  losses  and  the 
delinition  of  the  loss  coefficient  are  given  in  Appendix  I.  Representative 
measured  loss  coefficients  for  each  of  the  eight  test  models  are  shown  in 
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Figure  386,  The  losses  are  presented  as  a  function  of  the  inverse  of 
mass  flow  ratio.  This  parameter  approaches  zero  at  static,  Mach  number 
of  0.0,  conditions.  The  inlet  configuration  for  each  model  is  also 
listed  on  the  figure.  The  plotted  data  clearly  show  the  effects  of  both 
inlet  configuration  and  mass  flow  ratio  on  the  loss  coefficient.  The 
highest  losses  are  exhibited  by  the  longest  inlet  at  static  conditions. 
The  trends  of  the  data  suggest  that  there  is  a  possible  correlation  of 
inlet  losses  as  a  function  of  inlet  length. 

Such  a  correlation  was  found  to  be  as  follows: 


This  equation  is  plotted  as  the  dashed  curve  in  Figure  386  and  shows  good 
correlation  of  the  test  results. 

The  first  term  of  the  equation  represents  the  effects  of  inlet  length  on 
losses,  as  shown  in  Figure  387.  The  loss  coefficient  in  this  case  is  based 
on  the  velocity  at  the  inlet  throat  rather  than  at  the  fan  inlet,  Station 
10.0.  The  second  term  is  an  area  correction  that  accounts  for  the  ratio 
of  throat  to  fan  inlet  areas,  while  the  third  term  is  a  factor  that  is  a 
function  of  mass  flow  ratio.  The  variation  of  the  multiplier  K  with  mass 
flow  ratio  is  shown  in  Figure  388. 

Similar  data  for  the  engine  inlet  system  are  presented  in  Figure  389,  and  the 
static  loss  coefficient  is  also  included  in  the  correlation  shown  in  Figure 
388.  For  this  inlet,  the  total  pressure  measurements  were  not  as  complete 
as  those  used  in  the  fan  inlet,  and  the  loss  coefficients  are  question¬ 
able.  Comparison  with  the  losses  for  the  fan  inlets  shows  reasonable  agree¬ 
ment  . 

It  may  be  concluded  that  the  above  correlation  is  accurate  for  inlet  per¬ 
formance  predictions,  provided  that  the  inlet  geometry  is  similar  to  that 
used  in  the  test  model.  In  particular,  the  ratio  of  inlet  diameter  to 
throat  diameter  should  be  approximately  1.13. 

Another  significant  parameter  depicting  performance  of  the  inlet  system  is 
the  level  of  the  peak  velocities  that  occur  on  the  inlet  near  the  throat. 
These  peak  velocities  then  determine  at  what  average  Mach  number  the  flow 
over  the  inlet  will  become  critical  with  possible  increases  in  loss.  Crit¬ 
ical  flow  on  the  inlet  lip  could  produce  considerable  losses  if  the  result¬ 
ing  shock  produces  flow  separation. 

Figures  390  through  392  show  the  variation  of  the  peak  velocity  on  the 
inlet  internal  surface  with  mass  flow  ratio.  The  data  are  presented  as  the 
ratio  of  measured  velocity  to  ideal  velocity  heads.  This  ideal  velocity 
was  computed  using  one-dimensional  compressible  flow,  the  measured  airflow, 
and  the  physical  minimum  flow  area  at  the  inlet  throat.  The  data  clearly 
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show  that  the  peak  velocity  occurs  at  static  conditions  at  an  inverse 
mass  llow  ratio  of  zero.  The  peak  velocities  then  decrease  rapidly  as  the 
inverse  mass  flow  ratio  is  increased.  The  peak  velocity  for  Inlets  1  and 
2  approach  the  ideal  velocity,  as  predicted  by  one-dimensional  flow  for 
mass  flow  ratios  less  than  about  0.6. 

The  measured  velocity  for  Inlet  3  approaches  a  value  about  25  percent 
higher  than  ideal  at  high  inverse  mas;  flow  ratios.  This  difference  is 
about  the  level  that  would  be  predicted  if  the  flow  area  were  reduced  by  an 
amount  equal  to  the  bulletnose  area.  This  is  a  reasonable  result,  since 
the  inlet  is  short  and  the  bulletnose  protrudes  forward  of  the  inlet 
leading  edge. 

The  above  velocities  are  based  on  measurements  at  the  zero-degree  plane 
of  the  inlet.  These  data  were  selected  to  reflect  a  near  axisymmetric  inlet 
system.  Pressure  distribution  at  the  180-degree  plane  was  influenced  con¬ 
siderably  by  the  proximity  of  the  engine  nacelle  system,  and  the  veloc¬ 
ities  were  usually  higher  than  the  levels  as  shown  in  the  figures. 

Using  these  results  at  static  conditions,  a  peak  velocity  about  50  percent 
higher  than  the  ideal  one-dimensional  prediction  can  be  expected,  equiv¬ 
alent  to  a  pressure  coefficient  of  1.3.  Assuming  that  there  are  no  changes 
in  pressure  coefficient  due  to  increased  Mach  number,  critical  flow  should 
occur  somewhere  on  the  inlet  lip  radius  when  the  calculated  average  Mach 
number  reaches  about  0.58  at  the  inlet  throat  or  an  inlet  mass  flow  of 
83  percent  of  choke  based  on  one-dimensional  flow  at  the  inlet  throat. 

Tests  showing  the  effects  of  inlet  radius  on  static  performance  as 
reported  in  reference  7  are  presented  in  Figure  393.  The  results  of  these 
tests  are  also  shown.  For  the  range  of  lip  diameter  variation  used  in 
reference  7  tests,  the  peak  internal  velocity  varied  with  the  square  root 
of  the  inlet  lip  diameter.  This  function  is  shown  on  the  figure  as  the 
solid  line.  The  static  velocity  levels  for  the  three  inlets  used  in  this 
test  fall  slightly  below  reference  7  results.  This  difference  may  be 
attributed  to  effects  of  the  bulletnose  on  the  outer  surface  velocities. 

The  model  used  in  reference  7  had  a  bulletnose  that  extended  to  the  leading 
edge  of  each  inlet  and  is  the  probable  cause  of  the  higher  surface  veloc¬ 
ities.  The  bulletnose  extending  ahead  of  the  leading  edge  of  Inlet  3  is 
the  reason  for  better  agreement  with  results  of  reference  7.  Therefore, 
the  dashed  curve  in  Figure  393  shows  the  estimated  eflects  of  inlet  radius 
on  an  inlet  system  where  the  bulletnose  is  behind  the  inlet  throat,  and  the 
solid  curve  shows  where  the  bulletnose  extends  into  the  throat. 

The  above  data  present  maximum  inlet  lip  velocity  at  zero-degree  angle  of 
attack.  Model  8  was  used  to  investigate  the  effects  of  angle  of  attack  on 
system  performance,  and  the  variation  of  inlet  lip  maximum  velocity  is  shown 
in  Figure  394.  These  characteristics  show  that  within  the  range  of  test 
variables,  the  peak  lip  velocity  occurs  at  zero  speed.  Extrapolation  of 
the  data  shows  that  an  angle  of  attack  of  13  to  14  degrees  is  required  to 
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produce  inlet  velocities  equal  to  the  static  values.  These  results  tend 
to  indicate  that  maximum  inlet  lip  velocities  will  occur,  for  an  inlet 
system  of  the  type  tested,  at  the  static  or  zero  speed  condition. 

NACELLE  EXTERNAL  PERFORMANCE 

Nacelle  external  performance  analysis  concerns  primarily  the  effects  of 
geometry  on  the  flow  conditions  along  the  nacelle  outer  surface.  Analysis 
of  total  nacelle  drag  is  presented  later  during  discussion  of  system  per¬ 
formance.  Flow  conditions  along  the  nacelle  were  obtained  by  measurement 
of  static  pressure  distributions  using  arrays  of  wall  static  pressures. 
Typical  pressure  distribution  for  each  cf  the  test  models  has  been  pre¬ 
sented  in  the  test  results.  The  level  of  the  peak  pressure  coefficient 
near  the  inlet  leading  edge  is  one  of  the  significant  parameters  in  pre¬ 
senting  nacelle  performance.  Pressure  coefficients  equal  to  critical, 

Mach  number  equal  to  one,  are  usually  used  in  determining  the  design  point 
Mach  number  for  low-speed  nacelles  of  this  type.  Local  Mach  numbers  in 
excess  of  critical  may  result  in  drag  divergence. 

Using  the  measured  pressure  distributions  for  each  model,  the  peak  pressure 
coefficient  at  three  circumferential  locations  around  the  nacelle  was 
obtained  and  is  presented  in  Figures  395  through  402.  The  three  circum¬ 
ferential  planes  in  question  are: 

o  The  zero-degree  or  top  plane  opposite  the  engine  nacelle 

o  The  90-degree  plane  at  the  side  of  the  model 

o  The  150-degree  plane  located  at  the  center  of  the  engine- fan  nacelle 
fairing 

The  peak  pressure  coefficients  are  presented  for  the  range  of  test  Mach 
numbers  and  mass  flow  ratios.  Each  figure  shows  that  there  was  considerable 
circumferential  distortion  of  the  pressure  coefficients  for  each  inlet  sys¬ 
tem.  In  general,  the  data  show  that  the  pressure  coefficient  is  highest  at 
the  zero-degree  plane  and  minimum  at  the  150-degree  plane,  or  in  the  fairing 
region. 

To  show  the  effects  of  Mach  number  and  the  conditions  for  critical  flow  on 
the  nacelle  surface,  local  pressures  at  constant  mass  flow  ratio  were 
plotted  for  each  inlet  system.  These  data  are  shown  in  Figures  403  through 
405  for  the  three  inlets.  Also  shown  on  each  figure  is  the  pressure  coeffi¬ 
cient  required  for  critical  flow  as  a  function  of  free-stream  Mach  number. 
The  point  where  the  local  pressure  coefficient,  as  measured,  exceeds  the 
crit  cal  pressure  coefficient  should  be  the  so-called  design  Mach  number 
for  the  nacelle.  The  data  for  Inlets  1  and  2  show  that  critical  flow  occurs 
at  much  lower  Mach  numbers  in  the  fairing  region  than  at  the  top  of  the 
nacelle.  For  example,  at  the  zero-degree  plane  of  Inlet  1,  critical  flow 
occurs  at  a  Mach  number  of  0.79,  and  in  the  fairing  region  at  a  Mach  number 
of  0.70.  Based  on  the  inlet  design,  the  point  for  critical  flow  should  have 
been  a  Mach  number  of  0.8.  The  fairing  region,  as  well  as  the  90-degree 
side  of  the  nacelle,  exhibits  critical  Mach  numbers  lower  than  design.  This 
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result  is  indicative  of  large  interference  effects  due  to  the  proximity 
of  the  engine  nacelle  system,  resulting  in  premature  critical  flow  over 
most  of  the  nacelle  external  surface.  This  effect  will  produce  drag  rise 
or  divergence  at  a  lower  Mach  number  than  predicted.  This  effect  will  be 
discussed  later  during  presentation  of  system  performance. 

Inlet  3  is  the  only  inlet  system  that  showed  critical  flow  occurring  at 
all  measurement  planes  at  approximately  the  same  free  stream  M^ch  number. 
Comparison  of  the  Mach  number  of  0.54,  for  critical  flow,  with  the  pre¬ 
dicted  value  of  0.55  shows  excellent  agreement. 

Summarized  below  are  the  design  and  measured  Mach  numbers  for  each  inlet 
system: 


Inlet 

^Design 

MCR  l*  -  °°> 

Mcr  <v  =  90") 

mcr  (0  =  15°0) 

1 

0.8 

0.79 

0.74 

•  0.70 

2 

0.7 

0.70 

0.67 

0.64 

3 

0.55 

0.54 

0.55 

0.57 

This  tabulation  shows  that  the  zero-degree  or  top  plane  of  the  inlets  does 
exhibit  a  Mach  number  capability  as  predicted.  However,  the  lower  half  of 
the  nacelle,  from  90  degrees  to  180  degrees,  does  not  meet  design  require¬ 
ments  for  Inlets  1  and  2,  apparently  because  of  the  large  engine  to  fan 
nacelle  interference  effects. 

Investigation  of  the  effects  of  nacelle  angle  of  attack  was  made  using 
Model  8.  A  similar  analysis  method  as  presented  at  zero-degree  angle  of 
attack  for  the  eight  models  is  used  to  show  the  effects  of  angle  of  attack. 
Variation  of  the  peak  pressure  coefficient,  near  the  inlet  leading  edge, 
with  mass  flow  ratio  and  angle  of  attack  is  presented  in  Figures  406  through 
408.  Each  figure  shows  data  for  a  constant  free-stream  Mach  number  ranging 
from  0.30  to  0.70. 

At  each  test  Mach  number,  effects  of  angle  of  attack  on  the  peak  pressure 
coefficient  are  apparent.  Plotting  the  data  at  a  constant  mass  flow  ratio 
of  0.50  results  in  the  characteristics  shown  in  Figure  409.  These  curves 
show  that  large  changes  in  conditions  for  critical  pressure  coefficient 
occur  with  changes  in  angle  of  attack.  These  changes  appear  to  be  largest 
in  the  fairing  region.  Cross  plotting  free-stream  Mach  number  and  angle 
of  attack  for  critical  pressure  coefficient  in  the  fairing  region  results 
in  the  curve  shown  in  Figure  410.  This  increase  in  Mach  number  for  critical 
flow  at  negative  angles  of  attack  may  be  a  clue  to  possible  nacelle  design 
changes  that  would  increase  the  Mach  number  for  drag  rise  or  divergence. 
These  changes  will  be  discussed  later  in  system  analysis  and  conclusions. 

Similar  pressure  coefficient  data  for  the  engine  nacelle  system  are  pre¬ 
sented  in  Figures  411  through  413.  The  data  show  that  the  engine  nacelle 
system  meets  or  exceeds  the  design  Mach  number  of  0.8.  This  shows  that  the 
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design  methods  used  apply  to  an  axi symmetric  system,  such  as  the  engine 
nacelle,  but  must  be  used  with  caution  when  designing  a  nonsymmetrical 
system. 

SYSTEM  PERFORMANCE 

This  section  of  the  analysis  of  test  results  will  be  concerned  with  per¬ 
formance  of  the  complete  system  as  a  component.  Typical  results  that  will 
be  discussed  include: 

o  Nozzle  static  thrust  performance  and  effective  flow  area 

o  System  total  drag 

o  Fan  system  internal  performance 

o  Effects  of  angle  of  attack  on  nacelle  performance 
Nozzle  Static  Thrust 

In  order  to  provide  a  thrust  and  drag  bookkeeping  system,  an  evaluation  of 
nozzle  thrust  coefficient  is  required.  During  this  test,  nozzle  thrust 
performance  could  be  determined  only  at  static  conditions.  The  tests  were 
run  with  the  model  installed  in  the  wind  tunnel  on  the  standard  force 
balance  system.  The  test  data  were  taken  in  rapid  succession  in  order  to 
minimize  induced  flow  effects  due  to  the  wind  tunnel.  However,  as  anal¬ 
ysis  of  the  data  progresses,  it  will  become  apparent  that  there  were  con¬ 
siderable  tunnel  effects  even  though  efforts  were  made  to  minimize  them. 

Performance  of  a  nozzle  system  is  presented  in  terms  of  thrust  and  flow 
coefficients.  Thrust  coefficient  in  this  case  is  defined  as  the  actual 
thrust  of  the  nozzle  system  divided  by  the  total  ideal  thrust.  In  this 
case,  the  ideal  thrust  is  the  sum  of  both  the  fan  and  the  fan  turbine 
streams,  calculated  as  if  there  were  no  flow  mixing.  Detailed  procedures 
and  equations  used  in  calculating  this  ideal  thrust  are  given  in  Appendix  I. 

Flow  coefficient  is  defined  as  the  ratio  of  the  measured  nozzle  effective 
area  to  the  measured  physical  flow  area  at  the  nozzle  throat.  The  nozzle 
effective  area  is  that  calculated  using  the  measured  nozzle  flow,  pressure 
and  temperature,  and  one-dimensional  flow  analysis.  The  two  exhaust  streams 
are  assumed  to  be  unmixed,  and  the  detailed  calculation  procedures  are  given 
in  Appendix  I . 

Using  the  static  force  data  as  measured  on  the  balance  system  and  the 
measured  fan  discharge  conditions,  nozzle  static  thrust  coefficients  were 
calculated  and  are  shown  in  Figure  414  for  seven  of  the  test  models.  Data 
for  Model  8  were  not  obtained  during  the  test  program  because  of  instability 
of  the  fan  flow.  Model  8  has  the  smallest  nozzle  area,  and  caused  the  fan 
to  operate  at  a  flow  coefficient  near  the  fan  surge  condition.  As  a  result, 
only  low  fan  speed  static  data  could  be  taken,  and  the  resulting  force 
measurements  were  of  too  low  a  level  for  evaluation  of  a  static  nozzle 
thrust  coefficient. 
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The  measured  thrust  coefficients  for  the  seven  models  shown  varied  from 
about  0.85  to  0.905.  These  levels  of  nozzle  performance  are  below  any 
predicted  values  and  will  be  assumed  erroneous  because  of  wind  tunnel  inter¬ 
action  effects.  It  should  be  noted  that  observers  inside  the  wind  tunnel 
during  conduct  of  these  static  tests  observed  an  induced  tunnel  flow  of 
about  30  to  40  feet  per  second.  This  flow  could  very  easily  reduce  the 
thrust  level  due  to  ram  drag  and  tunnel  interaction  effects  by  the  amounts 
shown.  However,  a  comparison  of  thrust  coefficient  levels  proves  inter¬ 
esting.  Models  1,  2  and  4  have  the  same  nozzle  geometry,  differing  only  in 
the  inlet.  The  thrust  coefficient  for  each  of  these  models  was  between 
0.855  and  0.87,  which  is  well  within  expected  test  accuracy. 

Models  5,  6  and  7  also  have  similar  nozzle  system  geometry  and  yield  simi¬ 
lar  thrust  coefficients.  The  only  significantly  different  nozzle  system 
was  used  on  Model  3.  This  model  had  a  thrust  coefficient  of  0.91,  which 
is  definitely  higher  than  the  other  six  systems.  Model  3  had  the  largest 
nozzle  area,  and  this  higher  thrust  coefficient  is  expected,  based  on  the 
ratio  of  wetted  to  nozzle  throat  area.  This  relationship  is  used  in 
another  method  of  determining  nozzle  thrust  coefficients. 

In  conclusion  it  may  be  stated  that  the  balance  data  at  static  test  con¬ 
ditions  gave  erroneous  thrust  coefficients,  because  of  ram  drag  and 
tunnel  interaction  effects  owing  to  induced  tunnel  velocities.  However, 
comparing  relative  levels  of  data,  six  of  the  models  have  almost  the  same 
thrust  coefficient,  with  only  Model  3  having  a  thrust  coefficient  about  3 
or  4  percent  higher. 


A  second  method  for  evaluating  the  nozzle  thrust  coefficient  utilizes  eval¬ 
uation  of  the  momentum  of  the  nozzle  discharge  stream  by  integrating  forces 
throughout  the  nozzle  internal  surface.  Referring  to  Figure  415,  the  inte¬ 
gration  of  all  momentum  and  pressure  area  terms  for  the  nozzle  internal 
surface  yields  the  following  summation: 
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-  f 


INT 


The  first  two  terms  represent  the  pressure  force  and  momentum  of  the  fan 
discharge  and  fan  turbine  discharge  streams.  The  velocities  and  pressures 
were  calculated  using  measured  total  pressure,  temperature  and  flow,  and 
one-dimensional  flow  analysis.  The  integral  term  represents  the  pressure 
area  integration  in  the  axial  direction  throughout  the  complete  nozzle 
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internal  surface.  Referring  to  Figure  415,  the  integral  is  as  follows: 
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The  gross  thrust  as  calculated  above  represents  the  nozzle  thrust,  not 
Including  friction  losses.  These  calculations  were  performed  on  seven 
of  the  test  models  at  static  conditions,  and  the  following  results  were 
obtained.  The  nozzle  thrust  coefficient  was  also  calculated  using  the 
ratio  of  integrated  thrust  to  the  calculated  ideal  isentropic  thrust. 


Model 

(P  ) 

T11.0  E 

f 

11.0 

f5.6 

fINT 

(F  ) 

'  g'  int 

fo 

(r  1 

v  r  int 

1 

1.047 

662 

153 

187 

628 

676 

0.93 

2 

1.048 

681 

157 

167 

671 

695 

0.97 

1.064 

898 

2?  2 

227 

683 

910 

0.97 

3 

1.053 

1100 

139 

66 

1173 

1209 

0.97 

1.072 

1461 

129 

62 

1578 

1592 

0.99 

4 

1.048 

690 

159 

180 

669 

704 

0.95 

1.060 

835 

197 

234 

798 

847 

0.94 

5 

1.049 

777 

143 

141 

779 

785 

0.99 

1.065 

1031 

193 

198 

992 

1035 

0.99 

6 

1.065 

948 

216 

334 

830 

851 

0.98 

7 

1.050 

783 

156 

161 

778 

785 

0.99 

1.067 

1047 

206 

225 

1028 

1040 

0.99 

The  above 

re suits 

yield  thrust 

coefficients 

near  expected 

values, 

when 

compared  to  the  lower  values  previously  obtained  by  force  balance  calcu¬ 
lations.  It  is  interesting  to  note  that  Models  1,  2  and  4  all  have  the 
same  nozzle  system  and  exhibit  thrust  coefficients  about  2  or  3  percent 
lower  than  the  other  models.  This  lower  thrust  coefficient  may  be  a  real 
thrust  decrement  or  just  the  inaccuracies  of  the  calculation  procedure. 
Looking  at  the  nozzle  pressure  distributions  for  these  models,  it  may  be 
observed  that  the  static  pressure  levels  at  both  the  nozzle  shroud  tip  and 
plug  maximum  diameter  are  below  ambient  pressure.  This  low  pressure  level 
is  indicative  of  over-expansion  in  the  nozzle,  apparently  because  of  the 
rapid  turning  near  the  plug  crown  and  the  lack  of  sufficient  straight  flow 
path  directing  the  nozzle  exhaust  flow  down  the  plug  surface.  As  for  the 
possibility  of  calculation  inaccuracies,  this  nozzle  system  is  the  only 
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one  of  the  configurations  in  which  there  is  not  a  straight  section  in  the 
flow  path  immediately  downstream  of  the  fan  discharge.  The  lack  of  a  con¬ 
stant  area  section  may  result  in  static  pressure  distortions  in  this  region 
which  were  not  accounted  for  when  calculating  the  momentum  at  stations  11,0 
and  4.5,  using  the  one-dimensional  flow  analysis.  In  either  case,  based  on 
these  results,  it  appears  that  the  nozzle  thrust  coefficients  are  0.99  for 
Models  3,  5,  6  and  7,  and  0.9G  for  Models  1,  2  and  4.  Because  of  skin 
friction  losses,  it  should  be  noted  that  these  thrust  coefficients  are 
greater  than  the  actual  values. 

The  following  discussion  will  present  estimates  of  the  nozzle  skin  fric¬ 
tion,  and  losses  that  may  be  used  with  the  above  results  in  making  esti¬ 
mates  of  nozzle  thrust  coefficient  levels.  Nozzle  skin  friction  drag  is 
as  follows: 

A 

DF  *  ij"  CF  qL  “ 

where 

C  is  the  local  skin  friction  coefficient 
F 

q^  is  the  local  velocity  head 

dA  is  the  axial  surface  area  projection 

Referring  to  typical  pressure  distributions  for  the  nozzle  systems,  the 
following  general  comments  concerning  the  velocity  distributions  are  poss¬ 
ible: 

o  Velocity  from  the  plug  maximum  diameter  to  the  tip  is  equal  to 
nozzle  discharge  velocity. 

o  Velocity  on  the  forward  part  of  the  plug  and  nozzle  shroud  is  a 
function  of  ratio  of  nozzle  area  to  fan  discharge  area. 

Making  use  of  these  relationships,  it  is  possible  to  develop  an  approximate 
expression  for  the  product  of  velocity  head  and  wetted  area  for  a  nozzle 
system  of  this  type. 

The  wetted  area  on  the  downstream  part  of  the  plug  may  be  expressed  as 
follows: 

2 

A 

1  2  tan  @p 

where 

Rc  is  plug  crown  radius 
9p  is  plug  half  cone  angle 


27 


The  above  area  assumes  a  small  plug  crown  radius  relative  to  total  plug 
length.  Making  use  of  the  assumption  of  constant  skin  friction  coeffi¬ 
cient  and  uniform  velocity  equal  to  nozzle  discharge,  the  drag  of  the 
plug  downstream  surface  is  as  follows: 

2 

n  RC 

°1  =  °r  [^Tll.O^E  ~Po]  tan  0p 

The  wetted  area  of  the  nozzle  shroud  may  be  expressed  as  follows  by 
assuming  that  the  nozzle  discharge  diameter  is  not  too  different  from  the 
fan  tip  diameter.  This  is  usually  the  case  for  this  type  of  exhaust  system. 

*2  -  <2  "  V  Ls 


where 

R^  is  fan  discharge  tip  diameter 

Assuming  incompressible  flow  as  an  approximation  for  simplification,  the 
velocity  along  the  shroud  surface  is  related  to  nozzle  discharge  velocity 
as  follows: 


Therefore,  the  drag  on  the  nozzle  shroud  surface  is  as  follows: 


The  surface  area  of  the  upstream  part  of  the  plug  may  be  approximated  by 
assuming  a  conical  surface  with  a  minimum  diameter  equal  to  the  fan  hub 
and  a  maximum  diameter  equal  to  the  plug  crown.  The  length  is  about  equal 
to  the  nozzle  shroud  length.  Therefore,  the  surface  area  is  approximately: 


S  *  "  %  +  V  LS 

where 

R^  is  the  fan  hub  diameter 

Using  the  velocity  expression  derived  for  the  shroud  in  the  above  analysis, 
the  plug  upstream  drag  is  as  follows: 
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There  lore,  in  summation  of  the  above  drag  expressions,  the  total  nozzle 
drag  is  as  follows: 
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The  above  expression  was  evaluated  for  each  of  the  test  models  using  the 
following  geometric  data: 


Rc 

R 

T 

rh 

Ls 

9P 

an 

Model 

(inches) 

(inches) 

(inches) 

(inches) 

(degrees) 

A11.0 

1 

18.6 

18.00 

8.10 

44.7 

12.5 

0.58 

2 

18.6 

18.00 

8.10 

44.7 

12.5 

0.58 

3 

16.1 

18.00 

8.10 

44.7 

12.5 

0.96 

4 

18.6 

18.00 

8.10 

44.7 

12.5 

0.58 

5 

15.1 

18.00 

8 . 10 

44.7 

12.5 

0.67 

6 

16.1 

18.00 

8.10 

44.7 

12.5 

0.54 

7 

15.1 

18.00 

8.10 

54.1 

12.5 

0.67 

8 

16.1 

18. CO 

8.10 

54.1 

12.5 

0.54 

The  resulting  nozzle  drags,  as  listed  in  the  following  table,  were  com¬ 
puted  using  a  skin  friction  coefficient  of  0.003, 


Model 

1 

2 

3 

4 

5 

6 

7 

8 


(P  )  -P 
v  Tll.O  E  0 

24 

24 

34 

24 

21 

18 

23 

20 


Integration  of  nozzle  pressure  distributions  checked  out  the  above  approx¬ 
imate  equation  to  within  10  percent;  therefore,  this  method  appears 
acceptable  for  evaluation  of  nozzle  skin  friction  drag.  In  particular, 
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this  relationship  may  prove  useful  in  optimization  of  future  plug  nozzle 
designs. 


This  drag  due  to  skin  friction  may  now  be  used  in  estimating  the  gross 
thrust  coefficient  of  the  nozzles  for  use  in  further  evaluation.  From  the 
pressure  integration  analysis,  the  nozzle  thrust  coefficients,  neglecting 
friction,  ranged  between  about  0.96  for  Models  1,  2  and  4  and  0.99  for  all 
other  models.  Assuming  that  these  thrust  coefficients  are  applicable  and 
using  the  friction  drags  previously  estimated,  it  is  possible  to  estimate 
nozzle  gross  thrust  coefficients  for  a  range  of  pressure  ratios.  The 
friction  drag  expressed  as  a  coefficient,  non-dimensionalized  by  nozzle 
total  pressure  times  area,  is  as  follows: 
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where 

X  is  nozzle  pressure  ratio 
A^  is  nozzle  throat  area 


The  above  expression  shows  that  the  nozzle  drag  is  equal  to  a  constant 
divided  by  nozzle  throat  area  and  multiplied  by  a  function  of  nozzle 
pressure  ratio.  However,  when  corrected  to  a  change  in  nozzle  thrust 
coefficient,  the  term  that  is  a  function  of  pressure  almost  reaches  a  con¬ 
stant  value,  increasing  only  slightly  with  increased  pressure  ratio.  As  a 
result,  the  thrust  coefficient  for  each  nozzle  may  be  assumed  to  be  a  con¬ 
stant.  Listed  below  are  the  thrust  coefficient  decrements  due  to  skin 
friction  and  the  best  estimate  of  the  gross  thrust  coefficient  for  each 
model : 


Model 

A  C^,  (friction) 

C^,  (estimate) 

1 

.030 

0.95 

2 

.030 

0.95 

3 

.024 

0.96 

4 

.030 

0.95 

5 

.022 

0.97 

6 

.023 

0.97 

7 

.024 

0.97 

8 

.025 

0.97 

of  thrust 

coefficient  levels 

on  system  performance 

cussed  later. 


Effective  Flow  Area 


Nozzle  effective  flow  area  was  computed  using  the  measured  flow,  temper¬ 
ature  and  pressure  of  the  fan  and  turbine  discharge  streams.  One-dimen¬ 
sional  compressible  flow  analysis  was  used  in  computing  the  area,  as 
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described  in  Appendix  I.  Figures  416  through  423  show  the  variation  of 
nozzle  effective  area  with  nozzle  pressure  ratio.  The  upper  curves  show 
the  total  nozzle  area,  which  is  the  sum  of  the  areas  occupied  by  the  fan 
flow  and  fan  turbine  flow.  The  solid  symbols  denote  conditions  of  wind¬ 
mill.  For  these  conditions,  only  a  small  amount  of  engine  flow  occupies 
the  nozzle,  as  most  of  the  area  is  cold  fan  discharge  flow. 

The  most  important  fact  to  observe  in  the  data  is  that  in  most  cases  the 
nozzle  total  area  is  invarient  with  nozzle  pressure  ratio,  core  engine 
power  setting  and  free-stream  Mach  number.  The  nozzle  area  for  Model  3 
is  the  only  case  in  which  a  trend  with  engine  power  setting  appeared;  low 
core  engine  power  settings  showed  small  nozzle  flow  areas.  The  nozzle  flow 
phenomenon  that  produced  this  trend  in  data  could  not  be  determined  from 
the  measurements  taken  during  this  test  program. 

The  lower  curve  is  included  in  the  figures  to  show  the  relative  percentage 
of  the  nozzle  area  occupied  by  the  core  engine  discharge  flow.  This  flow 
area  is  the  consequence  of  the  static  pressure  balance  at  fan  discharge 
plane.  This  pressure  balance  phenomenon  has  previously  been  discussed  and 
the  results  presented  in  Figure  385. 

An  attempt  was  made  to  measure  the  physical  area  of  the  hardware,  and  this 
area  is  presented  on  the  figures.  It  should  be  noted  that  these  measure¬ 
ments  are  taken  cold,  but  during  engine  operation  about  half  the  shroud 
runs  hot.  However,  the  cold  area  is  applicable  for  the  windmill  case. 
Comparison  of  the  effective  and  physical  flow  areas  is  inconclusive  in 
predicting  a  flow  coefficient  for  this  type  of  nozzle  system. 

System  Total  Drag 

One  of  the  prime  purposes  of  this  test  was  to  obtain  the  external  drag 
coefficients  of  a  complete  nacelle  system.  The  balance  data  will  be  used 
primarily  for  evaluation  of  this  drag.  The  drag  due  to  the  external  nacelle 
system  is  the  difference  between  the  balance  force  and  the  propulsion  net 
thrust,  as  shown  below: 
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where 

F^  is  the  propulsion  system  net  thrust 

D0  is  the  measured  balance  force  corrected  for  the  balance  base 
pressure  effects 

Calculation  procedures  are  described  in  Appendix  I. 

In  Appendix  I  the  propulsion  system  net  thrust  is  defined  as: 
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Both  the  gross  thrust  and  the  ram  drag  forces  are  based  on  direct  measure¬ 
ments.  It  now  becomes  apparent  that  the  nozzle  thrust  coefficient  is  an 
unknown  variable  in  evaluation  of  nacelle  drag.  In  the  previous  discussion, 
considerable  effort  was  devoted  to  the  evaluation  of  the  nozzle  gross  thrust 
coefficient,  but  still  there  is  some  question  concerning  the  absolute  level. 
Therefore,  the  analysis  of  nacelle  drag  has  been  accomplished  using  two 
extremes  of  nozzle  thrust  coefficient:  a  maximum  value  of  1.0,  which  assumes 
an  ideal  friction-free  nozzle,  and  a  minimum  value  of  0.95.  These  two  levels 
encompass  the  range  of  estimated  thrust  coefficients. 

The  nacelle  total  drag  coefficient  using  force  balance  data  is  then  as 
follows: 


D  -  fc  F  -  F  7 
B  L  T  G  DRJ 

CDtt  -  q  A 

40  TT 

The  above  expression  is  a  linear  function  of  nozzle  thrust  coefficient,  so 
by  evaluating  the  expression  at  two  extreme  levels,  interpolation  at 
different  thrust  coefficients  is  possible. 

Calculated  nacelle  total  drag  coefficients  for  each  of  the  test  models  are 
shown  in  Figures  424  through  439.  Nacelle  drag  is  presented  as  a  function 
of  inlet  mass  flow  ratio  for  the  range  of  test  Mach  numbers.  Figures  424 
through  431  present  data  for  the  ideal  nozzle  assumption,  and  Figures  432 
through  439  are  data  for  the  lower  level  of  thrust  coefficient.  In  general, 
the  measured  drag  coefficients  for  each  model  show  a  rise  in  drag  at  the 
higher  Mach  numbers.  Drag  also  either  increases  or  decreases  with  mass  flow 
ratio,  depending  on  the  nozzle  thrust  coefficient.  The  increasing  drag  with 
increased  mass  flow  ratio,  as  indicated  by  the  data  assuming  an  ideal  nozzle, 
tends  to  contradict  similar  results  of  other  test  programs.  The  lower  level 
of  thrust  coefficient  more  closely  follows  the  expected  trends. 

Using  these  test  results,  it  is  now  possible  to  determine  two  indicators 
of  nacelle  performance:  the  low  speed  drag  coefficients  and  the  Mach  number 
for  drag  rise  or  drag  divergence.  The  low  speed  drag  coefficient  is  a 
function  of  nozzle  thrust  coefficient,  but  the  speed  for  drag  rise  is 
independent  of  this  assumption. 

Figure  440  shows  the  change  in  drag  coefficient  as  a  function  of  free-stream 
Mach  number  for  each  of  the  inlets  tested.  This  figure  is  a  composite  of 
all  eight  models,  and  within  the  normal  test  accuracy,  variations  in  after¬ 
body  and  plug  geometry  did  not  affect  the  conditions  for  drag  rise.  The 
drag  data  are  presented  at  mass  flow  ratios  where  most  of  the  test  data 
were  obtained.  These  three  characteristics  show  drag  rise  of  the  three 
inlets  occurring  at  Mach  numbers  of  0.6,  0.55  and  0.4  for  Inlets  1  through 
3,  respectively.  These  conditions  for  drag  rise,  when  compared  to  conditions 
for  critical  flow,  differ  significantly  as  summarized  below: 
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Inlet 

_ CR 

M. 

drag  rise 

1 

0.70 

0.6 

2 

0.64 

0.55 

3 

0.57 

0.4 

The  difference  in  Mach  number  levels  may  be  due  to  either  of  the  following: 

1.  Pressure  instrumentation  not  located  to  indicate  maximum 
velocity  regions. 

2.  Afterbody  drag  contributing  to  the  increase  in  drag. 

If  circumferential  variations  of  surface  static  pressures  are  the  cause  of 
the  increased  drag,  a  look  at  these  pressure  distributions  at  several  axial 
stations  along  the  nacelle  may  prove  interesting.  Figures  441  and  442  show 
the  circumferential  variation  of  pressure  coefficient  at  several  axial 
stations  for  Inlets  1  and  2.  It  immediately  becomes  apparent  that  extrap¬ 
olation  of  the  pressure  distributions  to  about  160  degrees  in  the  fairing 
region  will  yield  pressure  coefficients  about  0.2  to  0.3  larger  than  the 
instrumentation  plane  at  150  degrees.  These  higher  pressure  coefficients 
reduce  the  Mach  number  for  critical  flow  by  about  0.10,  which  is  the  level 
of  difference  between  force  and  pressure  data  previously  discussed.  It  is 
difficult  to  understand  how  such  a  local  effect  can  cause  such  a  severe 
drag  rise. 

Another  potential  reason  for  the  low  drag  rise  Mach  numbers  may  be  large 
changes  in  afterbody  drag  as  a  function  of  free-stream  Mach  number.  True 
afterbody  drag  cannot  be  calculated  because  of  the  plug  nozzle  system.  The 
flow  distribution  over  the  plug  surface  is  influenced  by  both  the  propul¬ 
sion  system  discharge  flow  and  the  external  flow.  Because  the  nozzle  could 
not  be  tested  statically  to  pressure  ratios  comparable  to  those  existing 
during  free-stream  flow,  it  is  not  possible  to  separate  the  two  effects. 
However,  a  look  at  the  afterbody  drag  within  the  region  between  the  nacelle 
maximum  diameter  and  the  nozzle  discharge  will  indicate  possible  trends. 
These  drags  were  computed  for  Models  1,  2  and  4  and  are  shown  in  Figure 
443.  Each  of  these  models  has  the  same  nozzle  afterbody  configuration;  only 
the  inlets  are  different.  The  data  show  that,  within  the  test  accuracy, 
the  drag  of  the  three  models  is  the  same.  Noting  that  the  three  models 
have  considerably  different  inlet  contours,  it  is  interesting  that  the 
afterbody  drag  does  not  change.  This  being  the  case,  apparently  most  of 
the  drag  increase  as  shown  in  Figure  440  is  attributed  to  the  inlet  and 
inlet  fairing  geometry. 

Based  on  this  analysis,  including  afterbody  drag  and  circumferential  vari¬ 
ations  of  inlet  pressure,  it  seems  reasonable  to  assume  that  the  drag  rise 
is  caused  by  the  local  velocity  distributions  in  the  region  of  the  f£n  to 
engine  nacelle  fairing,  and  possibly  an  increase  in  interference  drag  as  a 
result  of  these  increased  velocities. 
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The  remaining  analysis  that  may  be  performed  using  the  balance  data  is  an 
evaluation  of  effects  of  nacelle  geometry  on  drag.  Several  comparisons 
may  be  made  and  are  summarized  bilow: 


Comparison  Showing  Effects  of: 

Inlet  length  -  afterbody  and  nozzle  unchanged 

Afterbody  length  -  inlet,  nozzle  diameter,  and 
area  unchanged 

Nozzle  area  -  inlet  and  afterbody  unchanged 


Models 
1 ,  2  and  4 

6  and  8 

2  and  3 

7  and  8 


Comparison  of  effects  of  inlet  length  are  shown  in  Figure  444.  Low- speed 
nacelle  total  drag  is  plotted  versus  inlet  length  and  total  nacelle  length 
as  a  constant  mass  flow  ratio  of  0.55,  The  data  are  shown  for  a  nozzle 
thrust  coefficient  of  0.95,  consistent  with  that  estimated  in  the  previous 
analysis. 

The  problem  remains  to  attempt  to  separate  this  drag  into  friction  effects 
and  nacelle  drag,  both  afterbody  and  inlet.  Friction  drag  is  estimated 
using  the  following  methods. 

The  skin  friction  drag  of  the  nacelle  may  be  estimated  based  on  wetted  area 
and  local  velocities.  Referring  to  pressure  distributions  for  the  nacelles, 
it  may  be  observed  that  the  local  velocity,  on  an  average  over  the  complete 
nacelle ,  varies  with  nacelle  length  as  tabulated  below: 

S  qAVG 

Model  °MAX  q0 

1  1.87  1.25 

2  1.43  1.45 

4  1.13  1.60 

These  data  correlate  quite  well  using  the  following  relationship: 


The  fan  nacelle  friction  drag  is  then  approximated  by  the  following  equa¬ 
tion: 


<Vf  = 


S  q  Sw 

q0  *MAX 
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This  friction  drag  does  not  include  drag  on  the  plug  surface,  since  it  is 
included  in  the  nozzle  thrust  coefficient  decrement.  There  is  also  a 
friction  drag  due  to  the  engine  nacelle  system.  Assuming  an  average  local 
velocity  of  1.10  times  free  stream  and  referring  to  nacelle  geometry, 
engine  nacelle  friction  drag  is  as  follows: 

<Ve  - 5-3  cp 


At  the  low  speeds,  with  Mach  number  equal  to  values  from  0.2  to  0.4,  the 

7  7 

Reynolds  number  based  on  nacelle  length  was  about  1  times  10  to  2  times  10  . 
At  these  Reynolds  numbers,  the  skin  friction  coefficient  is  about  0.003. 
Therefore,  the  estimated  friction  drag  for  the  total  models  is: 


<y  F  = 


0.016  +  0.006 


This  equation  of  estimated  friction  drag  is  shown  in  Figure  444  and 
accounts  for  about  one-half  the  total  drag.  It  should  be  noted  that  this 
friction  drag  as  estimated  is  consistent  with  the  measured  drag  levels  of 
similar  nacelles,  as  presented  in  reference  3.  These  tests  were  run  with  a 
simulated  mass  flow  ratio  of  unity,  where  most  of  the  drag  should  be  skin 
friction.  The  difference  between  the  skin  friction  and  total  drag  in 
Figure  444  is  probably  the  result  of  inlet  additive  drag.  However,  because 
of  the  nonsymmetry  of  the  model  and  the  problems  in  the  fairing  regions,  an 
evaluation  of  additive  drag  using  balance  data  appears  impractical.  In 
either  case,  it  does  appear  that  the  additive  drag  of  the  shorter  inlet  sys¬ 
tem  is  much  lower  than  that  of  the  longer  inlet. 


The  second  comparison  showing  the  effects  of  afterbody  length  uses  the 
results  obtained  for  Models  6  and  8.  The  afterbody  length  for  these  two 
models  was  0.89  and  1.08,  respectively,  and  represented  a  relatively  small 
change.  Comparison  of  the  data  shows  that  there  is  no  difference  in  the 
level  of  measured  drag  or  the  rate  of  change  of  drag  with  mass  flow  ratio  of 
these  two  models. 


Comparison  of  effects  of  nozzle  area  on  performance  was  accomplished  by 
changing  the  plug  geometry  in  two  of  the  models.  Comparison  of  measured 
drags  of  Models  2  and  3,  and  Models  ?  and  8  is  inconclusive  in  showing 
trends  due  to  changing  nozzle  area  only. 

In  summary,  it  may  be  concluded  that  the  measured  nacelle  drags  as  obtained 
during  this  test  program  showed  only  small  effects  owing  to  model  geometry, 
noting  that  the  geometric  differences  between  the  models  were  not  very 
large.  A  complete  summary  of  the  measured  low-speed  drag  coefficients  is 
shown  in  Figure  445  for  all  eight  models.  The  drags  as  shown  were  evaluated 
at  the  previously  estimated  nozzle  thrust  coefficients.  A  band  is  shown 
including  most  of  the  measured  drags.  This  band  represents  about  two  points 
(0.02)  of  drag  coefficient.  In  general,  it  appears  that  the  shorter  nacelles 
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have  the  lowest  drags  and  the  longest  nacelles  the  highest,  as  shown  in 
Figure  444.  Also  shown  on  the  figure  is  the  estimated  skin  friction 
drag  of  the  engine  nacelle  system  based  on  skin  friction  estimates. 

The  data  show  a  rise  of  drag  coefficient  with  a  decrease  in  mass  flow 
ratio,  characteristic  of  an  additive  drag  effect.  The  drag  coefficient 
at  a  mass  flow  ratio  near  unity  is  about  0.05  to  0,06,  including  0.016  of 
engine  drag.  This  0.035  to  0.045  value  of  drag  coefficient  is  about  1.5 
to  2.0  times  the  estimated  friction  drag  and  is  probably  a  combination 
of  boattail  and  interference  drags. 

Effects  of  Angle  of  Attack 

Tests  under  conditions  of  variable  angle  of  attack  were  run  using  Model  8. 
Variable  angle  of  attack  data  were  obtained  at  Mach  numbers  of  0.3,  0.5 
and  0.7.  The  measured  test  results  showed  typical  variations  of  lift, 
drag,  and  moments  with  angle  of  attack.  Analysis  of  this  part  of  the  test 
program  will  be  concerned  with  a  study  of  the  test  results  in  an  attempt 
to  determine  the  major  contributors  to  these  variations. 

In  Appendix  I,  the  detailed  equations  relating  total  lift  and  drag  as  a 
sum  of  the  nacelle  and  propulsion  system  components  are  presented.  Using 
these  relationships,  the  induced  lift,  drag,  and  pitching  moments  attrib¬ 
ute  to  the  nacelle  system  were  computed  and  are  shown  in  Figures  446 
through  454  for  the  three  test  Mach  numbers.  The  data  are  presented  in 
conventional  lift,  drag,  and  moment  coefficients  using  the  nacelle  maximum 
area  and  fan  diameter  as  the  reference  geometric  parameters. 

Comparison  of  the  lift  and  drag  data  shows  that  the  breakdown  as  used  is 
invariant  with  mass  flow  ratio.  However,  there  is  a  small  change  of  the 
angle  of  attack  for  zero  lift  and  the  lift  curve  slope  with  Mach  number. 
This  may  be  the  result  of  normal  test  accuracy  or  a  true  effect  due  to 
Mach  number. 

Figures  455  and  456  show  variation  of  pitching  moments  at  zero  angle  of 
attack  with  mass  flow  ratio.  Figure  455  is  the  case  for  no  correction  due 
to  thrust  alignment  ,  and  shows  considerable  variation  of  moments  with  cross 
flow  ratio.  Figure  456  shows  the  same  data  corrected  for  thrust  align¬ 
ment  as  described  in  Appendix  I.  Although  not  a  perfect  correlation  is 
shown,  the  case  including  correction  for  thrust  alignment  tends  to  reduce 
the  variation  of  moments  with  speed  ratio. 

An  interesting  comparison  of  these  test  data  with  ring  wing  performance  may 
clarify  any  effects  of  nacelle  geometry,  and  at  the  same  time  provide  a 
means  of  extrapolating  the  data.  Ring  wing  lift,  drag  and  moments  are  pre¬ 
sented  in  reference  4  for  a  range  of  length- to-diameter  ratios.  However, 
before  these  data  are  used,  they  must  be  corrected  to  a  comparable  book¬ 
keeping  system  as  described  in  Appendix  I.  The  major  difference  in  ring 
wing  data  as  presented  is  in  the  accounting  for  the  thrust  and  ram  drag 
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caused  by  the  internal  llow.  For  nacelle  tests  and  performance,  the 
effects  of  internal  flow’  are  usually  treated  separately  from  the  external 
flow.  A  similar  treatment  is  possible  using  the  ring  wing  data  if  ideal 
flow  is  assumed  for  the  internal  stream.  This  assumption  of  ideal  flow 
implies  that  the  nozzle  total  pressure  is  equal  to  the  free-stream  total 
pressure.  Therefore,  the  jet  velocity  is  equal  to  the  free-stream  velocity, 
and  the  lift  and  drag  components  caused  by  these  are: 

L  =  p  V.2  A  .  sin  O' 

J 

D  =  P  V  2  A  .  -  p  V  2  A  .  cos  Qf 
0  J  0  j 

where 

A  is  the  nozzle  discharge  area 
J 

Similarly,  if  the  ram  drag  is  assumed  to  act  at  the  face  of  the  inlet  lip, 
then  the  moment  due  to  ram  drag  is: 

m  =  P  V02  Aj  ^  <sin 

where 

the  moment  center  is  assumed  to  be  at  the  quarter  chord  location. 

These  relationships  were  used  to  correct  lift  and  moment  data  for  the  ring 
wing  to  a  system  comparable  to  nacelle  data,  and  are  presented  in  Figures 
457  and  458.  Drag  data  are  not  presented  because  the  angle  of  attack 
excursion  in  this  test  was  not  sufficient  to  produce  significant  drag 
increases  and  no  correlation  with  ring  wing  performance  is  possible. 

Figure  457  shows  the  variation  of  the  lift  curve  slope  with  nacelle 
length-to-diameter  ratio.  The  data  have  been  converted  to  coefficients 
consistent  with  this  report  in  all  cases.  Shown  on  the  figure  are  the 
measured  slope  as  obtained  from  reference  4  data,  the  correction  due  to 
thrust  inclination,  and  the  resulting  induced  effect.  The  measured  lift 
curve  slope  at  a  Mach  number  of  0.3  for  Model  8  is  also  shown  and  is 
slightly  higher  than  the  comparable  ring  wing  data.  Part  of  this  differ¬ 
ence  in  lift  may  be  due  to  the  engine  nacelle  system  and  the  nozzle  plug. 
Neither  of  these  two  potential  lifting  surfaces  exists  in  the  ring  wing, 
and  1  he  differences  as  shown  in  the  figure  are  reasonable.  Using  this  ring 
wing  data  and  the  performance  as  measured  for  Model  8,  effects  of  nacelle 
length  are  estimated  as  shown  in  Figure  457. 

Some  comments  about  the  shape  of  the  induced  lift  as  shown  for  the  ring  wing 
system  should  be  made  concerning  the  drop-off  in  lift  for  low  length  na¬ 
celles.  This  drop-off  is  not  caused  by  changes  in  lift,  but  seems  to  be 
a  result  of  the  assumption  concerning  thrust  axis  inclination.  The  above 
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derivation  of  the  lift,  due  to  the  center  stream  thrust,  assumed  the  flow 
angle  of  the  discharge  to  be  along  the  axis  of  the  nacelle.  For  the  low 
length  models,  it  is  apparent  that  this  assumption  is  no  longer  true. 

The  drop-off  of  the  lift  curve  slope  for  the  complete  ring  wing  is  prob¬ 
ably  caused  by  a  change  in  thrust  angle,  and  the  slope  for  the  induced 
lift  component  would  then  continue  to  increase  at  low  nacelle  lengths. 

A  similar  comparison  of  Model  8  and  ring  wing  data  is  shown  in  Figure  458 
for  the  change  of  moments  with  angle  of  attack.  Here  the  agreement  between 
the  two  sets  of  test  data  is  very  good,  especially  since  the  moments  due 
to  the  engine  nacelle  and  nozzle  plug  tend  to  cancel  one  another,  (It 
should  be  noted  that  this  figure  uses  nacelle  maximum  diameter  as  the 
reference  dimension,  whereas  fan  diameter  was  used  in  the  previous  analysis. 
This  is  necessary  to  provide  a  consistent  set  of  reference  dimensions. 

Also,  the  moment  center  has  been  moved  from  the  fan  center  line,  48  percent 
chord,  to  the  25  percent  chord  point  to  make  it  consistent  with  the  ring 
wing  data,) 

The  remaining  effect  due  to  angle  of  attack  is  the  drag  caused  by  induced 
lift.  With  the  meager  amount  of  data,  it  looks  as  if  a  reasonable  drag  to 
lift  relationship  is  as  follows: 

<Vl  ■  <CL>2 

In  addition  to  the  above  effects,  it  is  significant  that  there  was  no 
appreciable  change  of  the  system  internal  performance  under  conditions  of 
variable  angle  of  attack  within  the  range  of  test  conditions  explored. 

This  includes  the  inlet  systems,  the  turbofan  hardware,  and  the  exhaust 
nozzle  system. 

Propulsion  System  Performance 

This  part  of  the  data  evaluation  will  be  concerned  with  performance  of  the 
X376  system  when  used  in  a  cruise  fan  application.  The  procedures  pre¬ 
sented  are  applicable  to  a  general  type  of  cruise  fan  system,  but  the  abso¬ 
lute  levels  of  performance  as  shown  are  applicable  to  only  the  X376  fan 
when  used  in  a  cruise  fan  application. 

In  the  analysis  of  the  propulsion  system  performance,  it  was  shown  that 
the  power  balance  of  the  fan  turbine  system  appears  to  be  determined  by  a 
static  pressure  balance  of  the  fan  and  turbine  streams  at  the  fan  dis¬ 
charge  plane.  This  balance  then  determines  the  percentage  of  total  gas 
power  extracted  by  the  fan  turbine.  Figures  459  through  466  present 
measured  values  of  this  power  ratio  as  a  function  of  the  speed  ratio  param¬ 
eter  for  the  eight  models.  Cince  no7zlc  area  is  different  for  the  eight 
models,  a  different  characteristic  of  power  balance  exists.  These  data 
are  then  cross  plotted  in  Figure  467  as  a  function  of  nozzle  area  for  a 
range  of  speed  ratios  from  zero  to  1.35.  Both  the  variation  of  power 
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extraction  with  area  and  the  largest  percentage  of  power  extraction  occur¬ 
ring  at  the  largest  areas  are  apparent.  Also  shown  on  these  curves  is  a 
trim  area  schedule.  This  trim  area  is  defined  as  the  area  required  for 
maximum  net  thrust,  the  determination  of  which  follows. 

The  fan  operating  point  is  first  specified  by  assigning  a  fan  flow  coeffi¬ 
cient.  Then  by  use  of  the  fan  operating  characteristics  previously  shown  in 
Figures  377  through  384,  the  fan  pressure  coefficient  and  stage  efficiency 
can  be  determined.  Using  the  measured  test  results  for  the  eight  models, 
the  variation  of  flow  coefficient  with  nozzle  area  and  speed  ratio  was 
obtained  and  is  shown  in  Figure  468, 

A  similar  procedure  using  measured  fan  net  thrust  provides  the  character¬ 
istics  shown  in  Figures  469  and  470.  Figure  469  assumes  an  ideal  nozzle 
with  a  thrust  coefficient  of  unity,  and  Figure  470  assumes  a  0.95  coeffi¬ 
cient.  These  two  values  are  consistent  with  the  previous  assumed  maximum 
and  minimum  nozzle  performance  levels. 

It  is  apparent  in  both  figures  that  the  net  thrust  peaks  at  a  maximum  value 
as  a  function  of  the  speed  ratio  parameter.  The  trim  area  is,  therefore, 
determined  as  the  area  for  maximum  net  thrust.  At  static  conditions,  Mach 
number  of  0.0,  fan  net  thrust  does  not  attain  a  maximum  value.  This  may 
be  explained  by  the  fact  that  the  thrust  per  unit  area  of  a  lifting  device 
increases  proportionately  to  the  discharge  area.  However,  losses  due  to 
diffusion  usually  overcome  these  increased  thrust  levels  for  small  diffu¬ 
sion  ratios.  For  this  case,  a  maximum  trim  area  equal  to  the  combined  fan 
and  fan  turbine  discharge  areas  was  established.  This  trim  area  is  shown 
at  a  speed  ratio  of  zero. 

A  composite  set  of  characteristics  presenting  fan  performance  parameters 
for  the  optimum  area  trim  schedule  is  shown  in  Figure  471.  Effective  area 
for  trim  and  all  other  previously  discussed  fan  performance  parameters  are 
presented  as  a  function  of  speed  ratio.  Also  shown  is  the  Mach  number 
that  satisfies  the  speed  ratio  for  the  fan  operating  at  100  percent  correc¬ 
ted  speed. 

To  complete  the  fan  performance  story,  a  correlation  for  total  horsepower 
required  to  drive  the  fan  system  at  a  given  rotational  speed  should  be 
obtained.  Such  a  presentation  is  given  in  Figure  472.  Here,  both  total 
horsepower  and  extracted  horsepower  are  shown  as  a  function  of  fan  speed 
and  speed  ratio.  The  percentage  horsepower  extraction  is  also  shown. 

These  characteristics  were  obtained  by  cross  plotting  the  total  horsepower 
as  a  function  of  nozzle  area,  as  shown  by  Figure  473.  This  figure  shows 
data  that  are  typical  for  a  corrected  fan  speed  of  90  percent.  The  total 
horsepower  is  then  obtained  as  a  function  of  the  speed  ratio  and  fan 
corrected  speed;  the  combined  characteristics  are  then  as  shown  in  Figure 
472. 

The  above  characteristics  represent  the  measured  performance  of  the  X376 
fan  system.  Similar  predicted  fan  performance  agrees  almost  exactly  with 
these  experimental  results. 
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APPLICATION  OF  TEST  RESULTS  TO  CRUISE  FAN  NACELLE  DESIGNS 


The  following  discussion  will  summarize  a  set  of  procedures  that  utilize 
the  results  of  these  tests  for  the  aerodynamic  design  of  low-pressure 
cruise  fan  nacelle  systems.  The  design  procedures  should  be  applicable 
to  either  close  coupled  or  remote  cruise  fan  installations.  Close  coupled 
cruise  fan  installations  represent  systems  where  the  core  engine  is 
located  in  proximity  to  the  fan.  The  engine  nacelle  system  blends  into 
the  fan  nacelle.  The  models  used  in  this  test  were  a  type  of  close  coupled 
system.  The  remote  cruise  fan  installation  incorporates  separate  fan  and 
core  engine  locations,  such  that  the  fan  nacelle  shape  and  flow  are  not 
influenced  by  the  core  engine. 

INLET  INTERNAL  PERFORMANCE 


The  two  performance  indicators  used  in  this  part  of  the  design  procedure 
are  the  inlet  total  pressure  losses  and  the  peak  velocities  on  the  inlet 
near  the  throat.  The  inlet  losses  are  calculated  using  the  following 
relationship  derived  empirically  using  the  test  results.  The  following 
equation  assumes  a  non- separating  diffuser  system  in  the  inlet.  Possible 
diffuser  separation  should  be  checked  using  conventional  diffuser  data. 

A  .  if user  including  an  angle  of  less  than  12  degrees  is  recommended  to 


avoid  separation  and  the  attendant  increase 
inlet,  the  losses  are: 
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=  ratio  of  inlet  length  to  inlet  throat  diameter.  Inlet  length  is 
distance  from  inlet  leading  edge  to  fan  face. 

=  correction  accounting  for  effects  of  speed  as  shown  in  Figure  388. 


The  level  of  peak  velocity  near  the  inlet  leading  edge  should  be  checked 
to  insure  less  than  local  critical  flow.  Figure  393  shows  the  ratio  of 
local  peak  velocity  to  the  effective  one-dimensional  velocity  in  the  inlet 
throat  at  static  conditions.  The  ratio  of  throat  to  inlet  diameter  should 
be  established  using  this  criterion  and  the  inlet  diameter  as  dictated  by 
nacelle  external  design. 

Similar  local  peak  velocity  data  taken  during  this  program  and  the  Ames 
program,  reference  10,  show  that  the  design  conditions  for  peak  inlet  lip 
velocity  is  the  static  condition  as  described  above. 
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NOZZLE  PERFORMANCE 


Performance  of  the  exhaust  nozzle  system  should  be  obtained  by  referring 
to  test  results  of  similar  configurations.  However,  based  on  these  tests, 
a  first-order  approximation  is  suggested,  making  use  of  an  assumed  thrust 
loss  due  to  flow  angularity  and  then  a  correction  for  estimated  nozzle 
skin  friction.  For  a  good  nozzle  system,  a  thrust  decrement  due  to  angu¬ 
larity  equal  to  one  percent  is  reasonable;  therefore,  the  nozzle  thrust 
coefficient  may  be  estimated  as  follows: 

CT  =  0.99  -  (A  CT)F 


where 
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nozzle  ideal  gross  thrust  evaluated  at  the  nozzle  pressure 
ratio. 


The  nozzle  friction  may  be  obtained  by  integration  of  the  local  velocity 
times  area  term,  and  may  be  estimated  based  on  nozzle  geometry  using  the 
following: 
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The  above  expression  is  a  function  of  nozzle  throat  velocity  head  and  the 
geometric  constants  of  the  nozzle  system. 

NACELLE  CRITICAL  MACH  NUMBER  AND  DRAG 

Reference  1  developed  a  method  of  predicting  nacelle  performance  as  a 
function  of  the  free-stream  Mach  number  for  critical  flow  and  a  mass  flow 
ratio,  above  which  snail  gains  in  critical  Mach  number  may  be  obtained  and 
below  which  large  penalties  occur.  These  data  have  been  presented  in 
Figures  474  and  475,  including  an  extension  of  the  characteristics  to 
relatively  short  nacelle  length  based  on  these  test  results. 

Knowing  the  design  flight  conditions  and  propulsion  system  operating 
characteristics,  the  following  design  requirements  must  first  be  obtained: 

o  Design  Mach  number  - 
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o  Stream  tube  area  of  fan  flow  at  design  flight  speed  and  altitude  -  AQ 

o  Limiting  nacelle  dimensions  such  as  inlet  length,  maximum  diameter, 
or  throat  diameter  as  required  by  inlet  internal  design  considerations 

o  Inlet  radius  specified  by  static  design  requirements  such  that  the 
inlet  leading  edge  diameter  is  restricted  to  a  given  value 

Using  the  above  design  requirements,  it  is  possible  to  iterate  on  a  nacelle 
design  such  that  the  mass  flow  ratio  is  either  equal  to  or  above  the  curve, 
as  shown  in  Figure  475,  and  the  critical  Mach  number,  as  determined  by 
Figure  474,  is  above  the  design  Mach  number.  Usual  design  techniques  as 
presented  in  reference  1  recommend  the  design  selection  to  be  obtained  at 
0.02  lower  than  design  mass  flow  ratio  and  at  least  0.02  higher  than  design 
Mach  number.  The  above  design  characteristics  are  presented  for  zero  angle 
of  attack.  If  the  design  conditions  required  the  nacelle  to  operate  at  an 
angle  of  attack,  the  critical  Mach  number  from  Figure  474  should  be  reduced 
by  the  correction  shown  in  Figure  476.  Once  a  nacelle  design  has  been 
determined  to  fulfil  the  initial  design  lequirements  and  installation  geom¬ 
etry,  other  conditions  throughout  the  operating  envelope  should  be  checked 
for  limiting  design  conditions. 

A  comparison  of  the  predicted  critical  Mach  numbers  for  the  three  test 
inlets  and  the  measured  values  is  shown  in  Figure  477.  The  dotted  lines 
show  the  predicted  critical  Mach  number,  using  Figures  474  and  475,  with  a 
vertical  line  denoting  the  minimum  mass  flow  ratio  at  the  design  Mach  num¬ 
ber.  The  predicted  characteristics  do  not  include  any  correction  factors 
as  described  above  for  either  the  Mach  number  or  the  mass  flow  ratio.  The 
agreement  of  the  test  and  predicted  data  is  very  good  and  is  within  0.03 
Mach  number „ 

A  discussion  of  the  methods  used  in  obtaining  the  measured  characteristics 
based  on  low-speed  data  is  as  follows.  Limitations  of  fan  operating 
characteristics,  especially  fan  pressure  ratio,  restricted  the  tests  at 
high  Mach  numbers  to  basically  one  mass  flow  ratio  for  each  inlet  system. 
However,  mass  flow  ratio  could  be  varied  over  a  suitable  range  at  low  Mach 
numbers.  Combining  the  measured  low-speed  peak  pressure  coefficients  for 
the  eight  models,  Figures  395  through  402,  the  variation  of  pressure 
coefficient  with  mass  flow  ratio  shown  in  Figure  478  is  obtained.  These 
characteristics  are  for  the  side  opposite  the  engine  nacelle  system.  The 
critical  Mach  number  characteristics  are  then  predicted  using  the  compress¬ 
ibility  corrections  shown  in  Figure  479,  and  yield  the  curves  shown  in 
Figure  477. 

The  high-speed  test  data  for  each  inlet  system  are  also  shown  in  Figure 
477.  Inlets  1  and  3  agree  exactly  with  the  low-speed  data,  but  Inlet  2 
is  slightly  higher.  This  difference  may  be  because  of  the  conservative 
method  used  in  extrapolating  the  low-speed  data,  or  just  an  inaccuracy  of 
the  test  results.  The  measured  effects  of  angle  of  attack  on  critical 
Mach  number  for  Model  8  are  compared  with  those  predicted  in  Figure  476, 
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Note  that  this  design  procedure  applies  to  an  axisymmetric  nacelle  system 
only,  or  that  part  of  the  nacelle  system  remote  from  possible  external 
interference  effects.  Other  design  techniques  should  be  approached  in  the 
design  of  the  nacelle  systems  close  to  possible  interference  effects,  such 
as  the  engine  nacelle  for  a  close  coupled  cruise  fan  system. 

Once  the  inlet  design  has  been  estimated,  the  total  nacelle  drag  for  con¬ 
ditions  less  than  the  critical  Mach  number  can  be  estimated  using  the 
characteristics  shown  in  Figure  445.  These  characteristics  show  nacelle 
drag  coefficient  variation  with  inlet  mass  flow  ratio.  A  band  of  nacelle 
drag  coefficients  is  shown  for  each  mass  flow  ratio.  The  lower  part  of  the 
band  is  representative  of  nacelle  length  to  diameter  ratios  of  about  1.0 
and  the  upper  part  for  nacelle  lengths  of  about  2.0.  This  characteristic 
implies  that  the  nacelle  system  should  be  made  as  short  as  possible  for 
minimum  drag  levels.  Also,  the  mass  flow  ratios  should  be  as  high  as  poss¬ 
ible,  commensurate  with  the  inlet  design,  as  dictated  by  the  critical  Mach 
number  requirement.  Note  that  the  drag  coefficients  include  engine  nacelle 
as  well  as  the  fan  nacelle  drags.  Corrections  using  estimated  engine 
nacelle  friction  should  be  used  for  a  remote  fan  installation. 

FAN- ENGINE  NACELLE  FAIRING 


These  tests  have  shown  that  design  of  the  fairing  region  between  the  engine 
and  fan  nacelles  is  a  critical  problem.  The  resulting  test  data  provide 
some  insight  concerning  possible  design  changes  which  may  be  required  to 
improve  performance  of  the  system  in  this  region. 


A  comparison  of  the  peak  pressure  coefficients  of  the  fairing  and  the 
axisymmetric  regions  of  the  nacelle  for  Inlets  1  and  2  is  shown  in  Figure 
480.  Comparison  of  the  pressure  coefficient  variation  with  mass  flow  ratio 
for  the  two  regions  of  the  nacelle  shows  that  equivalent  characteristics 
occur  when  the  fairing  mass  flow  ratio  is  reduced  by  a  factor  of  1.4.  This 
factor  infers  that  the  inlet  in  the  fairing  region  is  spilling  40  percent 
more  flow  than  the  remainder  of  the  nacelle.  Using  this  ratio  as  a  design 
value  for  modifying  the  mass  flow  ratio,  design  changes  of  the  inlet  lip 
geometry  in  the  fairing  region  were  obtained  and  are  shown  in  Figure  481. 
The  characteristics  shown  in  Figures  474  and  475  were  used  to  determine 
the  inlet  geometry.  The  inlet  geometry  changes  in  Figure  481  are  presented 
as  the  following  constants: 


length  of  nacelle  in  fairing  region 
length  of  axisymmetric  nacelle 


center  line  radius  of  fairing  inlet  lip 
center  line  radius  of  axisymmetric  nacelle 


The  resuJting  redesigned  fairing  regions  for  the  three  test  models,  using 
the  data  shown  in  Figure  481,  are  as  follows: 
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Axisymmetric  Region 


L 


I 


Fairing  Region 


R 


I 


Inlet  (inches)  (inches)  (inches)  (inches) 


1 

49 

16,23 

57.3 

14.52 

2 

27 

18.17 

29.3 

17.08 

3 

12 

20.40 

13.4 

19.07 

These  lengths  and  diameters  denote  the  geometry  of  the  nacelle  at  the  150- 
degree  location.  The  increased  length  and  radius  should  blend  into  the 
axisynunetric  nacelle  at  the  top  part  of  the  model.  These  changes  would 
produce  an  inlet  with  a  swept-back  leading  edge.  The  sweep  angle  would  be 
about  10  degrees  for  the  Inlet  1  configuration.  These  proposed  geometric 
changes  for  a  typical  nacelle  are  shown  by  the  sketches  in  Figure  482.  The 
configuration  is  Model  8,  and  both  the  original  and  modified  nacelles  are 
shown. 

PROPULSION  SYSTEM  PERFORMANCE 


The  propulsion  system  used  in  this  test  was  the  X376  fan  system.  As  a 
result,  only  general  comments  concerning  propulsion  system  performance  can 
be  presented  here. 

One  of  the  more  important  results  is  that  within  the  test  measurement 
accuracy,  the  propulsion  system  can  be  represented  by  a  single  set  of  per¬ 
formance  characteristics.  The  fan  system  performance  was  unaffected,  other 
than  predicted,  based  on  one-dimensional  flow  analysis,  by  either  the 
inlet  or  the  nozzle  system  geometry. 

The  second  conclusion  concerns  the  power  extraction  or  absorption  character¬ 
istics  of  the  fan  turbine.  The  level  of  power  absorption  in  previous  theo¬ 
retical  calculations  of  fan  performance  was  established  by  assuming  equal 
static  pressures  of  the  fan  and  fan  turbine  streams  in  the  discharge  plane. 
Measurements  during  this  test  verified  that  this  was  a  correct  assumption, 
and  its  continued  use  in  performance  evaluation  is  suggested. 
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CONCLUSIONS 


Analysis  of  the  results  of  this  experimental  investigation  of  cruise  fan 
system  performance  indicated  the  following  conclusions,  applicable  for  the 
range  of  parameters  investigated: 

1.  Propulsion  system  performance  of  the  X376  fan  and  core  engine 
followed  previous  predictions  based  on  methods  using  a  single 
set  of  operating  characteristics  for  each  component  and  one- 
dimensional  flow  analysis. 

2.  Low-speed  drag  coefficients  for  the  complete  nacelle  system  ranged 
from  0.040  to  0.060  at  mass  flow  ratios  near  1.0  and  from  0.060 

to  0.085  at  a  mass  flow  ratio  of  about  0.5. 

3.  Only  small  changes  in  nacelle  low-speed  drag  were  observed  for 
the  eight  test  models.  Nacelle  length  was  the  only  significant 
geometric  variable  that  influenced  the  nacelle  drag  levels.  The 
shortest  nacelles  had  the  lowest  total  drag. 

4.  Nacelle  pressure  distributions  for  the  axisymmetric  sections  of 
the  model  demonstrated  critical  Mach  numbers  consistent  with  pre¬ 
dicted  values. 

5.  Free-stream  Mach  numbers  for  critical  flow  in  the  regions  of  the 
nacelle  system  near  the  fan-engine  fairing  were  below  predicted 
levels.  Fan-engine  nacelle  interference  effects  caused  excessive 
flow  spillage  in  this  region,  with  the  attendant  reduction  in 
free-stream  Mach  numbers  for  critical  flow, 

6.  Possible  redesigns  of  the  nacelle  geometry  for  reduction  of  the 
interference  effects  of  the  fan  and  engine  systems  were  developed 
using  the  test  results.  The  redesigns  suggest  an  increase  in 
both  the  nacelle  length  and  thickness  in  the  vici».»'„y  of  the  fan 
and  engine  nacelle  junction, 

7.  Nacelle  inlet  loss  coefficients  varied  with  inlet  length  and 
free-stream  Mach  number  in  a  systematic  manner,  permitting  evalu¬ 
ation  of  an  empirical  expression  to  predict  the  variation  of 
inlet  loss  coef f ici(.i:t. 

8.  Nozzle  thrust  coefficients  based  on  momentum  integration  and 
estimated  friction  drags  varied  between  0.95  and  0.97.  One 
nozzle  configuration  used  in  Models  1,  2  and  4  had  a  low  coeffi¬ 
cient,  apparently  because  of  insufficient  nozzle  shroud  length 
aft  of  the  plug  maximum  diameter.  For  the  other  nozzles,  the 
thrust  coefficient  decrements  are  primarily  caused  by  skin  friction 
drag  losses.  The  nozzle  systems  tested  in  this  program  had  high 
ratios  of  surface  area  to  nozzle  thrust  area.  This  condition 
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contributed  to  the  low  thrust  coefficients,  and  it  will  not  exist 
in  the  plug  nozzle  of  a  typical  high-pressure-ratio  cruise  fan 
system.  For  the  high-pressure-ratio  nozzle  configurations,  higher 
thrust  coefficients  are  predicted. 

9.  Performance  of  Model  8  under  conditions  of  variable  angle  of 

attack  showed  that  the  longitudinal  stability  derivatives  of  the 
lift  and  pitching  moments  are  very  similar  to  those  obtained  for 
a  ring  wing  configuration. 
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US  Army  Electronics  Command  2 

US  Army  Aviation  Test  Activity  2 

Air  Force  Flight  Test  Center,  Edwards  AFB  1 

US  Army  Field  Office,  AFSC,  Andrews  AFB  1 

Air  Force  Aeropropulsion  Laboratory,  Wright-Patterson  AFB  1 

Air  Force  Flight  Dynamics  Laboratory,  Wright-Patterson  AFB  1 

Systems  Engineering  Group,  Wright-Patterson  AFB  4 

Bureau  of  Ships,  DN  1 

Bureau  of  Naval  Weapons,  DN  7 

Chief  of  Naval  Research  5 

US  Naval  Air  Station,  Patuxent  River  1 

US  Naval  Air  Station,  Norfolk  1 

David  Taylor  Model  Basin  1 

Commandant  of  the  Marine  Corps  1 
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Marine  Corps  Liaison  Officer,  US  Army  Transportation  School  1 

Ames  Research  Center,  NASA  1 

Lewis  Research  Center,  NASA  1 

Manned  Spacecraft  Center,  NASA  1 

NASA  Representative,  Scientific  and  Technical  Information  Facility  2 
NAFEC  Library  (FAA)  2 

US  Army  Aviation  Human  Research  Unit  2 

US  Army  Board  for  Aviation  Accident  Research  1 

Bureau  of  Safety,  Civil  Aeronautics  Board  2 

US  Naval  Aviation  Safety  Center,  Norfolk  1 

Federal  Aviation  Agency,  Washington,  D.  C.  1 

Civil  Aeromedical  Research  Institute,  FAA  2 

The  Surgeon  General  1 

Defense  Documentation  Center  20 
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APPENDIX  I 


DATA  REDUCTION  AND  ANALYSIS  PROCEDURES 
AVERAGE  TOTAL  AND  STATIC  PRESSURES 


Pressure  measurements  of  the  flow  conditions  throughout  the  model  were 
taken  by  arrays  of  total  and  static  pressure  probes.  These  arrays  were 
arranged  in  such  a  way  that  the  probes  were  located  on  centers  of 
approximately  equal  areas  with  additional  provisions  for  measurement  of 
boundary  layers  where  applicable.  The  following  equations  define  the 
pressure  probe  numbers  used  in  determining  the  particular  average 
pressure.  Pressures  are  computed  as  an  arithmetic  average  which  results 
in  an  approximate  area  average  by  virtue  of  the  probe  arrangements. 
(Reference  Table  XX,  Figures  8  and  9.) 


The  equation  used  in  computing  these  average  pressures  may  be  written  in 
a  general  form  as  follows: 


P 

=  I  I 

P 

X 

N 

n 

Measurement 

P 

X 

N 

n 

Engine  Inlet  Static 

PS2.0 

9 

(432-440) 

Engine  Inlet  Total 

PT2.1 

15 

(413-417), 

(420-424), 

(427-  431) 

Engine  Inlet  Boundary 

p 

S2.2 

6 

(411-412), 

(418-419), 

(425-426) 

Layer 

Engine  Discharge 

PT5.1 

6 

(405-410) 

Pressure 

Fan  Turbine  Discharge 

PT5.6 

8 

(543-550) 

Fan  Inlet  Static 

psio.o 

24 

(465-488) 

Fan  Inlet  Total 

P 

T10.1 

24 

(441-464) 

Fan  Inlet  Tip 

P 

T10.2 

12 

(491-502) 

Boundary  Layer 

Fan  Inlet  Hub 

P 

T10.3 

4 

(126-129) 

Boundary  Layer 

Rotor  Discharge  Total 

P 

T10.6 

24 

(561-584) 

Fan  Discharge  Total 

P 

Tll.l 

24 

(507-530) 

Fan  Discharge  Tip 

P 

Til.  2 

8 

(531-538) 

Boundary  Layer 

Fan  Discharge  Hub 

P 

4 

(539-542) 

Boundary  Layer 

Balance  Base  Pressure 

p 

14.0 

8 

(553-560) 
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Missing  or  inoperative  pressure  probes,  in  the  above  averaging  method, 
are  replaced  by  a  suitable  measurement  from  adjacent  probes. 

FORCE  BALANCE  DATA 


The  force  balance  data  consist  of  the  three  longitudinal  forces;  that 
is,  drag,  lift  and  pitching  moments.  The  sign  convention  of  these  forces 
is  as  follows: 


Normal  (lift):  positive  downward 
Axial  (drag) :  positive  rearward 
Pitching  Moments:  positive  nose  down 

These  sign  conventions  appear  reversed,  but  are  the  result  of  mounting  the 
model  inverted  in  the  wind  tunnel. 


The  force  balance  measurements  are  used  directly  as  recorded  after  con¬ 
version  to  engineering  units,  with  only  one  small  correction.  This 
correction  accounts  for  any  pressure  area  force  that  exists  at  the  base 
of  the  sting  support  and  is  reflected  as  an  axial  force  on  the  "live" 
part  of  the  balance  system.  The  correction  factor  is  a  simple  addition 
to  the  axial  force  measurement  as  follows: 

A  =  A  ,  -  A  (P  -  P  ) 

measured  B  0  14.0 

where 

A  (P  -P  )  is  base  force  correction  using  measured  base  pressures 

L>  vJ  14*  U 

at  station  14.0. 


For  conditions  of  zero-degree  angle  of  attack,  the  body  axis  forces, 
normal  and  axial,  are  identical  to  the  wind  axis  forces.  During  test 
conditions  where  angle  of  attack  was  varied,  wind  axis  forces  were  com¬ 
puted  using  the  measured  body  axis  forces  and  conventional  trigonometric 
relationships  with  angle  of  attack. 

The  balance  data  were  non-dimensionalized  using  free- stream  velocity  head, 
fan  nacelle  maximum  area,  and  nacelle  diameter  as  follows: 


<Cl>b  '  V" 


«Vb  ■  dr 

0  T* 


(C  )„  = 


m 

B 


m  B  q  A  D 

u  tt  MAX 
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PRESSURE  COEFFICIENTS 


Pressure  data  are  presented  in  coefficient  form  using  several  values  of 
velocity  head  measurements. 

Plug  and  nacelle  pressures  are  presented  using  the  following  conventional 
coefficient : 


Internal  pressures,  that  is,  for  the  fan  and  engine  inlet  internal  con¬ 
tours,  as  well  as  the  flow  conditions  at  Station  2.0  and  10.0,  are  pre¬ 
sented  in  coefficients  using  the  following: 


p  _  p  P  -  p 

TO  S2.0  TO  S10.0 


Other  pressures,  such  as  fan  and  rotor  discharge,  are  presented  as  pres¬ 
sure  ratios  based  on  free-stream  total  pressure,  P^q* 

ENGINE  AND  FAN  AIRFLOWS 


Both  engine  and  fan  airflow  were  computed  using  measured  pressure  at  the 
inlet  stations.  The  calculation  procedure  uses  a  pseudo  mass- averaged 
method  by  treating  the  boundary  layer  separately  from  the  free-stream 
measurements.  The  boundary  layer  areas  for  each  inlet  that  was  surveyed 
by  an  array  of  boundary  layer  probes  are  as  follows: 


Fan  Inlet  1 


Fan  Inlet  2 


Fan  Inlet  3 


A10.2 

^0.3 

^0.0 


756.4  (midstream) 

81.9  (tip  boundary  layer) 
31.1  (hub  boundary  layer) 

869.4  (total  area) 


Aio.i 

A,0.2 

''io.s 

A10.0 


753.1  (midstream) 

80,7  (tip  boundary  layer) 
31.1  (hub  boundary  layer) 
864.9  (total  area) 


A10.2 
A10. 3 
A10.0 


808.4  (midstream) 

84.1  (tip  boundary  layer) 

31.1  (hub  boundary  layer) 
923.6  (total  area) 
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Engine  Inlet 


2.1 

^2.2 


2.0 


54.8  (midstream) 

15.8  (hub  and  tip  boundary  layers) 
70.6  (total  area) 


(all  areas  in  square  inches) 


The  average  or  effective  inlet  total  pressure  was  computed  using  the 
following: 


(P  )  = 

T10.0  E 


(PT10.1)  (A10.1)  +  (PT10.2)  (A10.2)  +  (PT10.3)  (A10.3) 

A,  _  _ 

10.0 


An  inlet  flow  coefficient  or  effective  area  was  also  defined  based  on  the 
boundary  layer  measurements  and  a  mass- averaging  technique: 


(A 


10. 0^  (M10.1)  ^lO.l5  +  (M10.2)  **10.2*  +  (M10.3*  (A10.3) 


10.0 


10.0 


In  the  above  equation,  ^ 2  and  3  represent  the  respective 

boundary  layers  and  midstream  Mach  numbers  computed,  using  the  following: 


The  fan  inlet  airflow  was  then  calculated  using  conventional  compressible 
flow  relationships  and  the  computed  values  of 


<aio.o)e  and 


(P  ) 

tio.o'e’ 


{PS10.0*’ 


TO' 


10.0 


Similar  flow  calculations  were  performed  for  the  engine 
with  station  2.0  measurements  and  areas  used  instead  of 


inlet  airflow 
station  10.0. 
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Engine  discharge  mass  flow,  that  is,  W.  includes  the  engine  inlet 
airflow  with  an  additional  mass  flow  due  to  fuel  addition  during  com¬ 
bustion.  Since  fuel  flow  was  not  a  measured  parameter,  assumed  fuel 
flows,  based  on  nominal  engine  characteristics,  were  used.  The  engine 
discharge  flow  is  then  as  follows: 


where 

is  obtained  using  the  following  relationship  between  inlet  all¬ 
ow  and  fuel  flow: 


Vo 

\ 

4.0 

0.031 

6.0 

0.057 

8.0 

0.091 

10.0 

0. 132 

12.0 

0.181 

14.0 

0.237 

INLET  LOSS  COEFFICIENT 


"rf 


The  inlet  loss  coefficient  is  used  to  define  the  losses  in  the  fan  and 
engine  inlet  systems  between  free-stream  conditions  and  the  measurement 
plane.  The  inlet  loss  coefficients  for  the  fan  and  engine  inlets  are 
defined  as  follows* 


x 

10.0 


P  -  (P  ) 

TO  T10.0  E 

P  -  P 
TO  S10.0 


and 


JU 

2.0 


P  -  (P  ) 
TO  T2.0'E 

P  -  P 
TO  S2 . 0 


FAN  AND  ROTOR  DISCHARGE  TOTAL  PRESSURES 


Rotor  discharge  total  pressure  was  measured  by  an  array  of  24  probes,  with 
no  provisions  for  boundary  layer  measurements  as  used  in  the  inlet  sys¬ 
tems.  Rotor  discharge  pressure,  P  g»  was  then  calculated  as  an  arith¬ 
metic  average  of  the  probe  measurements.  This  results  in  an  area  aver¬ 
aged  pressure,  since  probes  were  spaced  according  to  equal  areas  along  the 
the  radial  stations.  Rotor  pressure  ratio  is  therefore  defined  as  follows: 


(pR)R 


P 

T10.6 

(P  ) 

tio.o'e 
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However,  the  fan  discharge  total  pressure  measurements  included  pro¬ 
visions  lor  measurement  of  midstream  pressure  and  boundary  layers  at 
both  the  fan  hub  and  tip  regions.  The  effective  total  pressure  was  then 
calculated  using: 


(P  )  = 

'  tii.o'e 


^Tll.l*  ^11.1*  *  (PT11.2)  (A11,2)  +  (PT11.3)  (A11.3) 

A11.0 


In  this  equation,  subscript  notations  are  as  follows: 


11.1  -  fan  discharge,  midstream 

11.2  -  fan  discharge,  tip  boundary  layer 

11.3  -  fan  discharge,  hub  boundary  layer 


These  areas  are  a  function  of  the  particular  afterbody  and  plug  config¬ 
uration  as  listed  below: 


Afterbody 

Plug 

\l.l 

*11.2 

A11.3 

An.o 

1 

2 

736.7 

83.0 

40.2 

859.9 

1 

3 

736.7 

83.0 

40.2 

859.9 

2 

2 

728.2 

83.0 

43.0 

854.2 

2 

3 

720.5 

83.0 

48.7 

852.2 

4 

3 

772.9 

88.0 

48.7 

909.6 

4 

4 

627.5 

88.0 

52.1 

767.6 

Fan  pressure  ratio  is  then  defined  as: 


(PR) 


(P. 


T11.0 


<P, 


T10.  0 


) 

) 


E 

E 


CORRECTION  PARAMETERS 


Throughout  the  data  analysis  and  presentation,  measured  parameters  were 
corrected  to  standard  atmospheric  conditions.  These  corrections  are 
similar  to  those  used  in  all  parametric  presentation  of  jet  engine  per¬ 
formance.  The  correction  factors  are  defined  as  follows: 


0 


TO 

(T, 

518.69 

P 

TO 

(P, 

14.696 

TO 


TO 


in  degrees  Rankine) 


in  pounds  per  square  inch) 
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6 


2 


6 


10 


T2 

.0 

(P, 

14. 

696 

P 

T10.0 

(P, 

14. 

696 

T2.0 


T10.0 


in  pounds  per  square  inch) 


in  pounds  per  square  inch) 


Also,  because  both  fan  and  engine  inlet  are  basically  identical  to  free 
stream  temperature,  the  following  equality  is  also  used: 


e 


o 


=  e 


10 


CORRECTED  PERFORMANCE 


The  above  correction  parameters,  referred  to  standard  temperature  and 
pressure,  were  then  used  in  computing  corrected  performance  as  listed 
below: 


Corrected  rotational  speed: 
Corrected  airflow: 

Corrected  thrust  or  drag: 
Corrected  temperature: 
Corrected  pressure: 
Corrected  horsepower: 


N 


v  0 


Wv  O 
6 


F 

* 

T 

s 

p 

7 

HP 

u 


Subscripts  assigned  to  the  correction  factors  are  used  for  identification 
of  the  reference  conditions  in  all  data  presentations. 


GROSS  AND  NET  THRUST 


In  the  process  of  thrust- drag  bookkeeping,  it  is  necessary  to  know  the 
thrust  contribution  of  the  fan  and  engine  systems.  The  following 
procedures  and  equations  were  used  in  calculating  these  parameters. 

Fan  exhaust  flow  ideal  gross  thrust  was  calculated  as  the  potential  ideal 
thrust  available  in  expanding  the  gas  from  fan  discharge  pressure  to 
ambient  or  free-stream  static  pressure. 
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All  parameters  in  the  above  equation  are  either  measured  or  calculated 
in  previous  discussion,  with  the  exception  of  T  Q.  This  parameter  was 
computed  using  a  constant  fan  efficiency  of  0.82  and  the  following 
relationship  between  temperature  and  pressure  rise  across  the  rotor: 


Fan  turbine  discharge  ideal  thrust  was  obtained  similarly  to  the  fan  ideal 
thrust  using  conditions  at  station  5.6,  the  fan  turbine  discharge  plane. 


In  the  above  equation,  W  is  computed  as  above,  and  both  T  g  and 
P  are  average  values  trom  the  array  of  probes  located  in  the  fan 
turbfne  discharge  annulus. 

Fan  and  engine  ram  drag  were  computed  using  free-stream  velocity  and 
measured  system  airflows. 


Free-stream  velocity  was  computed  using  tunnel  Mach  number  and  tem¬ 
perature  and  compressible  flow  as  follows: 
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Total  propulsion  system  net  thrust,  that  is,  gross  thrust  minus  ram  drag, 
was  computed  using  a  nozzle  thrust  coefficient  to  account  for  a  non- ideal 
exhaust  nozzle  system.  Net  thrust  was  calculated  as  follows: 


FN  = 


C  F  - 
T  G 


DR 


GAS  HORSEPOWER  RELATIONSHIPS 


In  presentation  of  fan  system  performance,  the  energy  levels  are  usually 
presented  in  terms  of  gas  horsepower  parameters.  Ideal  gas  horsepower 
is  the  power  that  could  be  utilized  in  an  ideal  isentropic:  expansion  of 
the  gas  from  one  set  of  conditions  to  another;  for  example,  the  engine 
discharge  flow  when  expanding  from  turbine  discharge  pressure  to  ambient 
pressure.  The  general  equation  for  this  ideal  horsepower  used  in  the 
calculations  is: 


HP  * 


778,26 

550 


cptt 


w 


1 


where 

P  is  the  initial  gas  pressure  and  P  is  the  final  pressure. 

1  « 


This  equation  was  used  to  compute  the  following  gas  horsepowers: 


Horsepower 


HP 


5.1  -  0 


Initial  Pressure 
Turbine  Discharge 


T5.1 


HP 


5.1  -  5.6 


Turbine  Discharge  -  P, 


T5.1 


HP,_  «  i  ■.  «  Fan  Inlet  -  P_,  _  _ 
10.0  -  11.0  T10.0 


Final  Pressure 


Ambient  -  P„ 

SO 

Fan  Turbine  Discharge  - 
PT5.6 


Fan  Discharge  -  P, 


T11.0 


For  each  horsepower  calculation,  the  appropriate  flows  and  total  tem¬ 
peratures  were  used. 


SYSTEM  EFFICIENCIES 


Two  types  of  fan  system  efficiencies  were  calculated  in  the  analysis. 
One  is  the  term  called  "product  efficiency",  which  is  the  resulting 
efficiency  including  both  the  fan  and  turbine  systems.  This  efficiency 
is  defined  as: 


T] 


S 


HP 


10.0 


HP 


5.1 


11.0 

5.6 


58 


The  second  is  not  a  true  efficiency,  but  is  a  ratio  of  horsepower 
absorbed  in  the  fan  turbine  as  compared  to  the  total  ideal  in  the  core 
engine  discharge  flow.  This  relationship  is: 


HP  Ratio 


HP 


5.1  - 


HP 


5.1  - 


5. 6 
0 


FAN  OPERATING  CHARACTERISTICS 


The  aerodynamic  performance  of  the  fan  system  is  usually  presented  as  a 
pressure-coefficient  flow-coefficient  map.  These  parameters  were  com¬ 
puted  in  the  analysis  of  the  data  using  the  following  equations: 


Pressure  Coefficient: 


2 

(Hj,)2  (V-l) 


-1 


Flow  Coefficient: 


$ 

10.0 


10.0 

u„ 


Note  that  the  pressure  coefficient  is  calculated  using  midstream  pres¬ 
sures  with  no  boundary  layer  allowances.  The  only  new  parameters  used 
in  these  equations  are  M^,,  U  ,  and  V  ^ ,  which  are  fan  tip  Mach  number 
and  speed,  and  fan  inlet1 velocity.  Tn6se  were  calculated  using: 


'10.0 


These  two  parameters, 


and  $  ,  along  with  product  efficiency, 


, - Q  -  JQ  ,  - e  -  - 

T]  are  all  that  are  necessary  to  define  the  normal  fan  operating 
characteristics . 
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INLET  CAPTURE  RATIO 


Inlet  capture  ratio  is  a  parameter  commonly  used  in  describing  or  corre¬ 
lating  inlet  and  nacelle  performance.  In  this  analysis  the  inlet  area 
used  is  the  projected  area  of  the  inlet  leading  edge.  For  the  fan  inlet, 
the  mass  flow  ratio  is  defined  as: 

.  (,HD)V0 

VI  /  10.0  2k  %  t AI\o.O 

A  similar  parameter  is  used  for  the  engine  inlet  system;  that  is, 

( =  W2.0  V0 

\AI/2.0  2g  Q0  (AI*2.0 

NACELLE  DRAG  COEFFICIENT  -  FORCE  BALANCE  METHOD 


One  method  that  can  be  used  in  evaluating  the  total  system  drag  coeffi¬ 
cient  utilizes  the  axial  forces  measured  on  the  balance  and  the  fan  system 
thrusts  and  drags  based  on  internal  flow  measurements. 


The  net  drag  forces  attributed  to  the  complete  nacelle  system  were  com¬ 
puted  as  follows: 


dn  =  db  + 


CT  (F11.0  +  F5.6> 


The  term  C^  is  the  nozzle  thrust  coefficient  and  was  assumed  to  be  two 
different  extreme  values:  0.95  as  a  minimum  and  1.00  as  a  maximum. 


The  nacelle  drag  as  calculated  was  converted  to  coefficient  form  using: 


D. 


N 


D^ 


q  A 
40  TT 


ANGLE  OF  ATTACK  ANALYSIS 


Under  conditions  of  variable  angle  of  attack,  the  model  forces  may  be 
attributed  to  effects  due  to  the  nacelle,  forces  due  to  the  propulsion 
system,  and  any  type  of  interactions  on  any  or  all  the  three  force  com¬ 
ponents.  In  order  to  investigate  these  effects,  an  analysis  which 
attempts  to  separate  the  propulsion  system  forces  from  the  total  mea¬ 
sured  forces  was  used  in  reduction  of  the  test  data.  The  following  is  a 
discussion  of  these  procedures  and  techniques. 
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In  previous  discussions,  fan  system  gross  thrust  was  calculated  as: 


FG  =  CT  <Fn.0  +  F5.6) 


The  lift  and  drag  components,  due  to  the  inclination  of  the  thrust  axis, 
are  then  related  to  angle  of  attack  as  follows: 

So  ■  +  fg  sin  a 
Dro  *  -  fg  cos  “ 

"tG  “  ° 


No  moment  contribution  due  to  gross  thrust  was  assumed,  since  the  thrust 
axis  should  not  change  relative  to  the  reference  moment  center.  However, 
a  moment  contribution  due  to  inlet  ram  drag  of  both  the  engine  and  fan 
inlet  flows  does  exist.  This  moment  was  calculated  assuming  that  the  ram 
drag  force  acts  at  the  centerline  of  the  fan  and  engine  inlet  at  the 
leading  edges.  The  moments  are  then  as  follows: 

Any  -  <\  (V0> 

Am  =  (29.0  cos  0/  +  X_  sin  <*)  (  2-:  °  )  (V  ) 

E  E  \  g  /  0 

whe£e 

X^  and  Xg  are  axial  distances  from  reference  moment  center  and  the  fan 
and  engine  inlets.  The  number  29.0  is  the  vertical  distance  between 
the  fan  and  engine  inlet  centerlines.  These  moments  are  a  pitch  up 
for  a  positive  angle  of  attack  change. 

There  is  also  a  small  pitching  moment  that  exists  in  the  fan  system  because 
of  partial  admission  scroll  system.  Since  the  fan  scroll  system  exhausts 
only  on  about  165  degrees  of  the  fan  tip  arc,  a  moment  is  developed, 
because  part  of  the  nozzle  exhaust  flow  is  all  cold  and  the  other  part  is 
mixed  hot  and  cold.  Static  test  results  showed  that  this  moment  is  pro¬ 
portional  to  fan  speed  as  follows: 

m0  -  °'18  P10.0  UT2  V  DF 


where 

p  ,  U  ,  Ay  and  Dy  are  expressions  that  will  be  described  later  in 
this  analysis. 
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If  the  above  forces  and  moments  are  assumed  to  represent  all  the  con¬ 
tributions  of  the  propulsion  system,  the  remainder  must  be  the 
nacelle  contribution  plus  any  interaction  effects.  Therefore,  this 
part  of  the  total  is  as  follows: 


Li  '  lb  -  Alfg 
di  =  db  '  (dfg  +  fdr) 
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where 

subscript  B  denotes  balance  measurements  and  denotes  fan  and 
engine  ram  drag  forces  as  previously  defined. 


These  remaining  lift,  drag  and  moments  were  then  converted  to  coeffi¬ 
cients  using: 
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SPEED  RATIO 

Analysis  of  previous  fan  systems,  as  well  as  propellers,  shows  that 
speed,  both  tunnel  and  rotational,  may  be  correlated  using  a  parameter, 
Vq,  where  is  tunnel  speed  and  is  rotational  tip  speed. 


In  this  analysis,  the  parameter  is  slightly  modified  to  the  following, 
using  Mach  numbers  rather  than  speeds: 

M0 

Speed  Ratio  =  — - 

M_ 

T 

Both  Mq  and  have  been  previously  defined. 
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FAN  COEFFICIENTS 


Presentation  of  the  test  results  in  coefficient  form,  using  free- stream 
velocity  head  as  the  correlating  parameter,  has  the  disadvantage  of 
approaching  infinite  values  it  low  tunnel  speeds.  Therefore,  a  second 
set  or  type  of  coefficient  system  based  on  fan  parameters  is  sometimes 
more  applicable  in  presenting  performance.  These  parameters  are  defined 
as  follows: 


HX  *  - 2 - 

p10.0  UT  *F 

where 

X  may  be  any  force  component,  such  as  lift,  net  thrust  or  drag. 
The  density  term  P  is  total  density  at  the  fan  inlet  and  is: 
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The  speed  parameter,  U^,  is  fan  tip  speed  and  has  previously  been  defined. 
The  area  term  is  fan  annulus  or  thrust  area  and  does  not  include  the  hub 
or  turbine  tip  areas. 

When  presenting  moments  in  this  coefficient  system,  the  length  factor  is 
usually  taken  as  fan  diameter,  such  that: 
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NOZZLE  AREAS 


Nozzle  effective  area  for  this  system  is  an  important  parameter,  since 
the  test  was  one  of  the  first  using  a  confluent  exhaust  system.  This 
system  exhausts  both  the  fan  exit  and  turbojet  flows  into  a  single  nozzle 
system.  The  procedure  used  in  calculating  the  nozzle  areas  was  to  assume 
no  mixing  of  the  two  flow  streams  within  the  nozzle  system. 

Nozzle  pressure  ratio  for  each  flow  stream  was  computed  using  nozzle  base 
pressure  rather  than  free- stream  static  pressure.  This  pressure  was  used 
because  the  nozzle  system  is  not  choked,  and  base  pressure  determines 
nozzle  flow  rather  than  ambient  static  pressure.  Therefore,  the  nozzle 
pressure  ratios  are: 


63 


(p  ) 
T11.0  E 


11.0 


5.6 


T5.6 

PB 


p  X  P  X  P 

588  589  +  590 


B 


where 


are  nacelle  afterbody  static  pressures  at  one  inch 
trailing  edge. 


These  nozzle  pressure  ratios  were  then  used  to  compute  the  ideal  flow 
function  for  both  the  fan  and  fan  turbine  streams  separately  using  the 
following  relationships: 
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The  effective  flow  area  for  each  gas  stream  is  then  as  follows: 
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The  total  nozzle  effective  flow  area  so  reflected  in  both  flow  streams 
is : 


Ael2.0  ~  Ae5.6  +  Aell.0 
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APPENDIX  II 


TESTS  TO  MEASURE  SOUND  VIBRATIONS  IN  CRUISE  FAN  INLETS 
SUMMARY 


Two  microphones  were  installed  in  the  inner  wall  of  the  X376  cruise  fan 
model  inlet  during  Phase  I  testing  in  the  NASA  16-foot  transonic  tunnel. 
These  microphones  measured  the  time  varying  component  of  wall  static 
pressure  during  windmill  operation  of  the  fan  up  to  a  tunnel  Mach  number 
of  0.8. 

The  first  or  second  harmonic  of  the  blade  passing  frequency  was  the  pri¬ 
mary  disturbance  source  for  the  pressure  fluctuations.  The  amplitude  of 
the  pressure  fluctuation  appears  to  be  a  linear  function  of  the  local 
dynamic  pressure.  For  this  test  configuration,  the  measured  pressure 
fluctuation  had  an  amplitude  of  approximately  12  percent  of  the  local 
dynamic  pressure. 

INTRODUCTION 


Theoretical  and  experimental  studies  of  ducted  propellers  or  fans  have  in¬ 
dicated  that  the  time-varying  component  of  internal  nacelle  pressures  may 
be  of  significant  magnitude,  as  discussed  in  references  6  and  9.  This 
varying  pressure  could  affect  cruise  fan  design  in  the  areas  of  fan  noise, 
structural  fatigue,  and  inlet  aerodynamics.  To  appraise  the  design  con¬ 
siderations  that  should  be  given  to  this  effect,  it  is  necessary  to 
ascertain  the  magnitude. 

The  instantaneous  pressure  was  measured  at  the  inner  wall  of  the  nacelle  of 
model  3  during  this  test.  Pecause  this  measurement  was  considered  an 
initial  exploratory  step  in  obtaining  such  data,  no  attempt  is  made  to 
determine  methods  for  using  the  data  in  cruise  fan  design;  instead,  the 
potential  influence  on  design  is  implied  by  the  presentation  of  the  data. 

METHOD  OF  TEST 

The  measurements  of  instantaneous  pressures  were  made  only  during  the  first 
test  series,  while  running  model  3.  This  model  has  the  medium  length  inlet, 
Inlet  2,  with  a  nozzle  discharge  area  of  about  96  percent  of  the  fan 
annulus  area. 

The  inlet  is  27  inches  long  (measured  forward  from  the  rotor  center  line)  , 
and  two  microphones  were  flush  mounted  on  the  inner  surface  at  an  axial 
distance  of  13.5  inches  forward  of  the  rotor  center  line.  The  circum¬ 
ferential  locations  of  the  microphones  were  at  270  degrees  and  337.5  degrees. 
Figure  -183  shows  the  location  of  the  microphones.  Details  of  the  nacelle 
contour  are  given  in  Tables  I  and  II. 

Test  data  were  obtained  during  windmilling  fan  operation  over  a  large  rang*, 
of  fan  speeds  and  tunnel  Mach  number.  Table  XXI  identifies  the  data  points 
and  lists  pertinent  test  parameters. 
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A  schematic  of  the  instrumentation  arrangement  is  shown  in  Figure  184. 

The  microphones  were  Bruel  and  Kjaer  Instruments,  Incorporated,  Model 
4134,  with  a  BrUel  and  Kjaer  cathode  follower,  Model  2615.  These  micro¬ 
phones  have  a  flat  frequency  response  curve  from  20  cycles  per  second  to 
20,000  cycles  per  second,  with  a  basic  sensitivity  of  approximately  one 
millivolt  per  microbar,  as  discussed  in  reference  2.  These  variable  capac¬ 
itance  microphones  were  chosen  because  they  offer  the  following  advantages: 

o  Sensitivity  is  very  good, 
o  Electrical  noise  output  is  small, 
o  Influence  of  mechanical  vibration  is  small. 

The  output  of  the  standard  variable  reluctance  fan  speed  pickup  was  recorded 
along  with  the  microphone  signals.  A  sixty-tooth  gear  on  the  fan  rotor  pro¬ 
vides  the  variable  gap  at  the  sensor.  For  the  speed  pickup  signal,  one 
cycle  per  second  is  equal  to  one  revolution  per  minute. 

The  data  were  recorded  on  an  Ampex  SR- 100  tape  recorder  at  a  tape  speed  of 
60  inches  per  second.  Microphone  signals  were  de-coupled  with  an  Aerovax, 
Type  P88,  0.1  microfarad  capacitor.  Tape  calibrations  were  made  before  and 
after  the  test  runs. 

TEST  RESULTS 


In  presenting  the  data,  the  microphones  will  be  identified  by  their  respec¬ 
tive  circumferential  location  angles,  that  is,  270  degrees  and  337.5  degrees. 
The  amplitude  of  pressure  variation  is  recorded  as  an  equivalent  voltage 
based  upon  microphone  sensitivity  and  recording  amplification.  The  test 
data  shown  in  the  report  are  presented  in  terms  of  this  voltage.  Figure  485 
shows  the  conversion  chart  from  output  voltage  to  pressure  level  expressed 
as  decibels.  Figure  486  shows  a  similar  conversion  chart  from  output  volt¬ 
age  to  pressure  level  expressed  in  pounds  per  square  inch. 

The  microphone  at  position  337.5  degrees  was  damaged  during  installation, 
with  the  result  that  its  sensitivity  was  changed.  The  data  from  this  mi¬ 
crophone  are  presented  since  the  frequency  response  did  not  change  and 
since  it  shows  the  same  trends  as  does  the  undamaged  microphone.  Ainpli tude 
values  shown  for  this  microphone  are  low. 

Three  types  of  data  are  presented  for  each  data  point: 

o  Representative  wave  forms  produced  by  the  pressure  signal 
o  The  overall  or  combined  amplitude  of  the  signal,  including  the  con¬ 
tribution  of  all  frequencies 

o  A  panoramic  analysis  of  the  signal  to  identify  frequencies  and  the 
amplitude  of  each  frequency 

These  data  are  shown  in  Figures  487  through  507. 


66 


For  the  wave  form  oscillograph  traces,  the  tape  playback  speed  was  1.5 
inches  per  second  (40  to  1  reduction  in  tape  speed) .  The  oscillograph 
chart  speed  was  16  inches  per  second;  thus  each  inch  of  chart  represents 
0.00156  second  of  microphone  data.  The  reference  oscillator  signal  was 
recorded  at  50  cycles  per  second,  which  represents  a  2000-cyc le s-per-second 
signal  when  the  40  to  1  reduction  factor  is  considered.  Included  with  each 
figure  of  wave  form  data  is  the  output  ol  the  sixty- tooth  gear  on  the  fan 
speed  pickup.  The  wave  form  of  the  output  from  the  two  microphones  is  use¬ 
ful  in  displaying  the  periodic  nature  of  the  signal,  but  it  cannot  be  used 
for  comparative  amplitudes. 

The  combined  signal  data  and  the  panoramic  analysis  data  are  shown  on  the 
same  charts,  along  with  a  trace  showing  fan  speed  in  revolutions  per  min¬ 
ute  . 

For  the  frequency  analysis  data,  each  frequency  sweep  shown  on  the  strip 
charts  represents  a  period  of  one  second.  The  tape  playback  was  at  60 
inches  per  second.  The  panoramic  frequency  chart  shows  an  essentially 
linear  sweep  in  frequency  from  the  higher  value  shown  at  the  bottom  of 
the  chart  to  the  lower  value  shown  at  the  top  of  the  chart.  The  ampli¬ 
tude  chart  displays  the  amplitude  of  each  signal  component  in  the  range 
of  frequencies  covered  by  the  frequency  sweep.  By  reading  directly  from 
one  chart  to  the  other,  the  amplitude  of  any  frequency  component  can  be 
determined.  In  several  cases,  the  data  are  shown  two  times  on  different 
frequency  sweeps.  The  1000-cycles-per-second  to  11 ,000-cycle  s-per-second 
frequency  is  intended  to  identify  blade  passing  frequency  and  its  harmonics. 
The  50-cycles-per-second  to  2050-cycles-per-second  frequency  sweep  is  to  show 
-  iy  sources  with  frequencies  that  are  multiples  of  the  fan  rotation  speed 
and  result  in  one,  two,  three,  or  more  cycles  per  revolution  of  the  fan. 

While  examining  these  data,  special  attention  should  be  given  to  the  range 
and  scale  on  each  chart.  The  scale  is  changed  quite  often  to  improve  sen¬ 
sitivity. 

DISCUSSION 


Data  from  the  panoramic  frequency  analysis  were  used  to  identify  disturb¬ 
ance  sources.  For  most  data  points,  a  predominant  frequency  can  be  iden¬ 
tified  by  the  corresponding  maximum  peak  in  component  amplitude.  A  second 
and  third  significant  frequency  can  usually  be  identified  by  distinct  com¬ 
ponent  amplitude  peaks  which  are  somewhat  smaller  than  that  of  the  pre¬ 
dominant  frequency.  Frequencies  or  modes  will  be  called  primary  source, 
secondary  source,  and  third-order  source  in  order  of  descending  amplitude. 
The  most  distinct  identification  of  the  three  named  sources  can  be  made  in 
Figure  493.  In  that  figure  the  primary  source  has  a  frequency  of  about 
3500  cycles  per  second;  the  secondary  source  has  a  frequency  of  about  1700 
cycles  per  second;  the  third-order  source  has  a  frequency  of  about  5200 
cycles  per  second. 
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In  Figure  507,  data  on  the  three  sources  are  shown  along  with  lines  repre¬ 
senting  the  first  three  harmonics  of  the  blade  passing  frequency.  For  the 
36-blade  fan,  the  blade  passing  harmonics  are  given  by: 

f  =  0.6  71  N 

n  r 


where 

7]  =  order  of  the  harmonic  (first,  second,  third,  etc.) 

Np  =  fan  rotational  speed,  revolutions  per  minute 
f  =  harmonic  frequency,  cycles  per  second 

Examination  of  Figure  507  shows  that  the  blade  passing  frequency  and  its 
harmonics  are  identifiable  as  disturbance  sources  for  the  measured  pressure 
fluctuations.  Either  the  first  or  second  harmonic  may  be  the  primary 
source.  The  decay  rate  is  such  that  the  third  harmonic  is  never  greater 
than  a  third-order  source,  while  higher  harmonics  are  considered  to  have  a 
negligible  effect. 

The  data  are  inconclusive  in  identifying  a  predominance  of  either  the  first 
or  the  second  harmonic.  At  the  higher  fan  speeds,  corresponding  to  higher 
tunnel  Mach  numbers,  the  primary  source  seems  to  occur  at  a  lower  frequency 
than  the  first  harmonic.  This  source  is  not  identified,  but  two  possibil¬ 
ities  listed  below: 

o  Increased  turbulence  in  the  boundary  layer,  perhaps  induced  by  local 
shocks  near  the  inlet  leading  edge 

o  Reflection  from  the  eight  fan  frame  struts  leading  to  a  source  of 
excitation  corresponding  to  24  cycles  per  revolution  (note  the  dashed 
line  in  Figure  507 ) 

The  test  data  are  more  difficult  to  interpret  for  the  high  fan  speeds. 

More  sources  of  disturbance  seem  to  be  influencing  the  measurements,  and 
the  amplitude  distribution  changes  fairly  rapidly  with  time. 

The  amplitude  of  the  combined  or  overall  pressure  fluctuation  and  the 
amplitude  of  the  primary  source  are  shown  as  a  function  of  tunnel  Mach  num¬ 
ber  in  Figures  508  and  509  .  The  data  in  the  figures  are  the  same,  except 
that  the  amplitude  is  expressed  in  pounds  per  square  inch  in  Figure  508 
and  is  expressed  in  decibels  in  Figure  509  . 

Two  important  points  are  shown  in  these  figures: 

o  The  levels  of  pressure  fluctuations  measured  by  the  two  microphones 
are  different.  This  difference  is  largely  caused  by  the  damage  to 
the  337.5-degree  microphone. 

o  The  trend  of  the  data  shows  a  relationship  to  the  tunnel  Mach  number. 
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Static  pressure  taps  in  the  nacelle  wall  at  the  axial  plane  of  the  micro¬ 
phone  allow  calculation  of  the  dynamic  pressure  of  the  inlet  airflow  at 
the  measuring  plane.  Figure  510  shows  the  local  dynamic  pressure  as  a 
function  of  tunnel  Mach  number. 

Next,  the  overall  level  of  pressure  fluctuation,  pounds  per  square  inch, 
is  shown  as  an  essentially  linear  function  of  the  local  dynamic  pressure 
in  Figure  511  .  The  data  for  the  270-degree  microphone  can  be  extrap¬ 
olated  to  pass  through  the  origin  when  the  local  dynamic  pressure  is  zero. 
Extrapolation  of  the  data  from  the  337.5-degree  microphone  does  not 
intersect  the  origin,  which  confirms  the  error  in  the  amplitude  data  from 
this  microphone. 

Referring  to  the  270-degree  curve  in  Figure  511,  it  can  be  seen  that  for 
this  particular  set  of  conditions: 

AP  «  K  qT 
Li 


where 

AP  =  amplitude  of  the  time-varying  component  of  pressure 
=  dynamic  pressure 

g  =  u  of  curve  of  AP  versus  qL  (from  Figure  511  ,  K  »=  0.12) 

Referring  to  Figure  508  ,  the  amplitude  of  the  primary  source  ranges  from 
40  percent  to  50  percent  of  the  amplitude  of  the  overall  pressure  fluctu¬ 
ation.  The  part  of  the  overall  level  which  is  due  to  the  primary  source 
decreases  slightly  as  the  tunnel  Mach  number  increases.  This  is  due  to 
the  increasing  influence  of  factors  other  than  fan  blading. 

It  must  be  remembered  that  these  data  are  gathered  at  one  location  in  the 
nacelle  for  a  fan  windmilling  case,  and  the  effects  of  disc  loading  and  tip 
speed  to  flight  speed  ratio  have  not  been  included.  Many  other  influences 
should  be  investigated  before  any  universally  applicable  rules  can  be 
stated.  This  is  especially  true  as  local  air  velocities  in  the  nacelle 
approach  the  speed  of  sound. 

Model  tests  could  apparently  be  used  to  measure  this  phenomenon  at  many 
locations  in  a  nacelle  and  under  varied  test  conditions  to  map  the  loca¬ 
tions  of  any  areas  of  severe  pressure  fluctuations. 

CONCLUSIONS 

Either  the  first  or  the  second  harmonic  of  the  blade  passing  frequency  can  be 
the  primary  source  of  disturbance  for  pressure  fluctuations  measured  at 
the  inner  wall  of  a  ducted  fan  nacelle.  For  this  test,  the  third  harmonic 
had  a  small  effect  and  higher  harmonics  were  negligible. 
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The  amplitude  of  pressure  fluctuation  appears  to  be  a  linear  function  of 
the  local  dynamic  pressure.  The  relationship  probably  depends  upon 
location  in  the  nacelle  relative  to  any  struts,  distance  from  blades, 
disc  loading,  tunnel  Mach  number,  and  aerodynamic  effects  such  as  flow 
separation  or  shocks.  At  the  270-degree  measuring  point,  the  amplitude 
of  pressure  fluctuations  was  about  12  percent  of  the  local  dynamic  pressure. 

More  extensive  testing  using  many  sensors  and  varied  test  conditions  is 
necessary  to  experimentally  evaluate  and  understand  the  entire  nature  of 
these  pressure  fluctuations. 
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MODEL  DESCRIPTION 


The  cruise  fan  model  was  designed  and  assembled  by  contractor  personnel. 
Fabrication  of  some  model  components  was  by  sub-contractors,  while  others 
were  fabricated  by  the  contractor. 

The  model  was  installed  in  the  wind  tunnel  by  NASA  and  contractor  per¬ 
sonnel  . 

The  description  of  the  cruise  fan  model  includes  all  items  mounted  ahead 
of  the  sting  attachment  face.  An  assembly  drawing  is  shown  in  Figure  518. 

STING 

The  sting  or  support  beam  (See  Figure  512)  is  cantilevered  from  the  strut 
head  and  supports  the  model  in  the  air  stream.  The  sting  is  a  schedule 
80  pipe  with  a  14-inch  outside  diameter.  A  7-degree  angle  bend  in  the 
vertical  plane  is  necessary  to  give  the  angle-of-attack  range  desired. 

At  the  forward  end  of  the  sting,  a  machined  fixture  for  holding  the  SRO-1 
balance  is  welded  to  the  pipe.  The  fixture  has  an  internal  taper  to  match 
the  tapered  end  of  the  balance.  The  taper  has  a  key  slot  for  locking  the 
balance  in  place.  A  spanner  nut  is  used  to  pull  the  tapered  surfaces 
together,  after  which  the  nut  is  locked  to  the  sting. 

Restraining  cables  are  attached  to  the  sting  at  the  center  of  rotation  for 
the  strut  system.  Cables  from  each  side  of  the  sting  are  connected  to  the 
tunnel  tank  wall  to  prevent  excessive  deflections. 

SRO-1  BALANCE 


NASA  supplied  the  SRO-1  six-component  balance  used  to  measure  forces  and 
moments  on  the  cruise  fan  model.  For  this  test,  the  balance  was  calibrated 
for  normal  force,  axial  force,  and  pitching  moment  only.  The  maximum 
allowable  values  for  these  three  components  are  listed  below: 

Normal  Force  -  ±  15,000  pounds 

Axial  Force  -  ±  5,000  pounds 

Pitching  Moment  -  ±  25,000  foot-pounds 

The  forward  end  of  the  balance  supports  the  cruise  fan  model.  The  balance 
adapter  (Fjgure  513)  slips  over  the  forward  end  of  the  balance  and  is 
attached  to  it  with  28  bolts.  All  model  forces  and  moments  are  transmitted 
through  the  balance  to  the  sting. 


71 


MAIN  FRAME 


The  main  frame  (Figures  514  and  519)  is  a  welded  steel  fabrication  which 
forms  the  basic  model  structure.  The  balance  adapter  is  a  shrink  lit 
assembly  into  the  main  frame  base. 

A  circular  frame  above  the  main  frame  base  supports  the  X376  fan  and  pro¬ 
vides  mounting  surfaces  for  the  nacelle  inlets  and  nacelle  afterbodies. 
Support  beams  running  fore  and  aft  of  the  main  frame  base  support  the  T58 
engine,  its  inlet,  and  its  cowling. 

T58-6A  ENGINE  (MODIFIED) 


A  T58-6A  engine  is  modified  for  use  as  a  core  engine  in  the  cruise  fan 
model  (Figure  515)  .  This  modification  includes  removing  the  power  tur¬ 
bine  and  its  casing,  cutting  back  the  trailing  edge  of  the  third  stage 
nozzle  diaphragm,  and  changing  the  engine  lube  system.  The  engine  used 
(SN  GE-E200357)  and  a  spare  engine  (SN  GE-E200342)  were  furnished  by 
NASA-Ames  Research  Center.  Fuel  lines,  electrical  leads,  and  starter 
cables  are  routed  through  the  sting  to  the  engine. 

The  oil  tank  is  mounted  at  the  aft  end  of  the  main  frame  support  beams,  and 

the  lines  are  routed  along  the  beams  to  the  engine.  Electric  actuators  are 

used  for  the  main  and  emergency  throttles. 

Two  sections  of  transition  ducting  are  used  to  carry  the  engine  discharge 

gas  to  the  fan.  The  first  section  mounts  on  the  aft  flange  of  the  second 

stage  nozzle  casing.  It  contains  a  diffusing  cone  and  anti-swirl  vanes. 

A  bellows  to  allow  thermal  growth  is  located  at  the  aft  end  of  the  first 
section  and  is  terminated  with  a  marman  flange.  The  mating  second  section 
has  provisions  for  installing  an  instrument  rake,  and  its  aft  flange  bolts 
directly  to  the  scroll  flange  of  the  fan. 

X376 

The  X376  cruise  fan  is  a  slightly  modified  version  of  the  X376  pitch  con¬ 
trol  fan.  The  basic  X376  fan  is  a  high  thrust-to-weight  ratio,  single 
stage,  tip-turbine-driven  lift  fan. 

The  test  scroll  has  a  180-degree  active  arc  with  a  single  inlet.  The  inlet, 
originally  facing  radially  away  from  the  fan,  is  turned  90  degrees  to  face 
forward.  This  allows  installation  with  fan  and  engine  axes  parallel,  but 
requires  the  use  of  new  scroll  mounts  because  of  redistributed  loading. 

The  test  bulletnose  is  a  Hastelloy  "X"  spinning  which  is  attached  to  the 
fan  frame  by  24  radial  bolts. 

The  scroll  accepts  the  engine  exhaust  gas  and  distributes  it  through  tur¬ 
bine  inlet  nozzles  around  the  180-degree  admission  arc.  The  front  frame 
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of  the  fan  provides  the  structural  support  for  the  scroll  mounts,  for 
fan  mounting  bosses,  and  for  the  rotor  bearing  sump.  The  rotor  consists 
of  36  fan  blades  and  the  tip  mounted  turbine.  The  fan  rear  frame  contains 
the  fan  and  turbine  stator  vanes.  The  fan  is  shown  installed  in  the  main 
frame  in  Figure  516, 

NACELLE  INLETS 


The  nacelle  inlets  consist  of  an  aluminum  framework,  a  fiber  glass  skin,  and 
foam  filler  material.  The  aluminum  framework  has  four  longitudinal  beams 
which  were  attached  to  the  mounting  surface  on  the  main  frame  with  alu¬ 
minum  angles. 

The  urethane  foam  was  poured  around  the  aluminum  structure,  then  shaped  to 
the  required  contours.  The  fiber  glass  was  formed  around  the  foam  after 
shaping.  Wall  static  pressure  taps  were  installed  as  the  fiber  glass  was 
applied. 

Three  interchangeable  nacelle  inlets  were  used.  They  were  designated  Type 
1,  Type  2,  and  Type  3,  with  design  critical  Mach  numbers  of  0.8,  0.7,  and 
0.55,  respectively.  Figure  520  shows  the  dimensional  details  of  the 
inlets. 

NACELLE  AFTERBODIES 


Three  interchangeable  nacelle  afterbodies  were  used  during  the  test.  The 
external  contour  is  a  metal  spinning  of  .050-inch-thick  A1S1  1020  steel. 

The  internal  contour  on  the  turbine  side  of  the  fan  is  a  spinning  of  .050- 
inch-thick  321  stainless  steel.  A  spinning  of  .050-inch-thick  1020  steel 
is  used  as  the  internal  contour  on  the  cold  side  of  the  fan.  The  internal 
and  external  skins  are  fastened  to  a  structural  framework  consisting  of 
longitudinal  stringers  contoured  to  fit  the  skins  and  circular  rings  to 
provide  rigidity.  The  internal  skin  on  the  turbine  exhaust  side  of  the  fan 
is  fastened  to  the  framework  with  shoulder  bolts  and  a  series  of  slotted 
holes  to  allow  for  thermal  growth.  This  skin  will  move  relative  to  the 
framework  and  external  skin.  The  entire  internal  skin  is  insulated  with  a 
1-inch- thick  mineral  wool  blanket.  Three  primary  longitudinal  stringers 
were  used  to  attach  the  afterbody  to  the  mounting  surface  on  the  main 
frame.  Wall  static  pressure  taps  were  installed  in  the  external  skin 
during  fabrication. 

Overlapping  strips  and  nichrome  were  used  to  provide  a  gas  seal  between 
the  fan  rear  frame  and  the  front  lip  of  the  nacelle  afterbody.  This  same 
arrangement  was  used  at  the  slots  where  the  centerbody  support  struts  come 
through  the  inner  skin. 

Figures  521,  522,  and  523  show  dimensional  details  of  the  afterbodies.  The 
external  contour  is  a  segment  of  a  circular  arc  which  ends  in  a  boattail 
angle  of  12  degrees,  14,5  degrees,  and  10  degrees  for  Type  1,  Type  2, 
and  Type  3,  respectively.  The  internal  contours  are  formed  of  transition 
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curves  to  match  the  plugs  and  form  a  continuously  converging  flow  area 
which  terminates  at  the  required  exit  diameter. 

CENTERBODY  PLUGS 


The  centerbody  plugs  determine  the  nozzle  exit  area  when  used  with  a  partic¬ 
ular  afterbody.  The  contour  is  shaped  to  provide  a  smooth  transition  from 
the  fan  exit  area  to  the  required  nozzle  exit  area.  All  the  plugs  ter¬ 
minate  in  a  cone  of  25  degrees  included  angle.  See  Figure  524  for  dimen¬ 
sional  details. 

The  plugs  were  made  by  pouring  urethane  foam  around  an  aluminum  framework.  * 

The  foam  was  shaped  to  the  desired  contour  and  was  used  as  a  mandrel  for 
application  of  the  fiber  glass  skin.  Wall  static  pressure  taps  were 
installed  in  the  fiber  glass  skin. 

For  assembly  purposes,  the  aft  conical  section  of  the  plug  is  removable. 

The  forward  structure  consists  of  i-inch-thick  aluminum  plates  fastened  in 
a  "cross"  arrangement.  Angles  attached  to  the  forward  end  of  these  crossed 
plates  are  drilled  to  match  the  bolt  pattern  on  the  support  ring.  Four 
radial  struts  attach  the  support  ring  to  the  main  frame. 

The  forward  end  of  the  plug's  fiber  glass  skin  slipped  over  the  support  ring 
to  match  the  fan  rear  frame's  hub.  When  the  canister  spacers  were  used,  it 
was  necessary  to  use  an  aluminum  cover  to  provide  a  smooth  flow  path  between 
the  plug  and  the  fan.  Figure  517  shows  a  completed  plug. 

FLOW  SPLITTER 

To  measure  fan  performance,  it  is  necessary  to  measure  turbine  exhaust  gas 
pressure  and  temperature  before  the  gas  mixes  with  fan  exhaust  flow.  To 
prevent  mixing  and  to  provide  support  for  measuring  probes,  a  sheet  metal 
divider  was  located  directly  aft  of  the  fan  rear  frame  box  section  which 
separates  the  fan  and  the  turbine.  Circumferentially,  the  flow  splitter 
spans  the  active  arc  of  the  turbine. 

ENGINE  INLET  AND  COWLING 

Figure  525  gives  dimensional  details  of  the  engine  inlet.  The  external  con¬ 
tour  ends  in  a  22- inch-diameter  circular  section.  The  engine  cowling  is  a 
22-inch-dTaiiieter  cylinder  which  runs  the  length  of  the  cruise  fan  instal¬ 
lation,  except  as  modified  for  fan  nacelle  fairings. 

The  engine  inlet  is  formed  of  a  steel  cylinder,  which  forms  the  internal  flow 
path,  load-carrying  longitudinal  gussets,  a  circular  mounting  plate,  foam 
filler  material,  and  fiber  glass  skin  for  the  external  contour.  Wall  static  « 
pressure  taps  are  installed  on  both  the  internal  and  the  external  walls. 
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The  engine  cowling  is  made  of  .063-inch-thick  1020  steel  rolled  into  22- 
inch-diameter  cylinders.  These  cylinders  are  made  in  two  halves  which 
meet  at  a  point  approximately  3 \  inches  below  the  nacelle  center  line. 

The  cowling  is  made  in  several  sections  to  allow  access  to  the  engine  as 
desired . 

At  the  aft  end  of  the  engine  cowling,  the  outer  wall  of  the  oil  tank  forms 
the  external  surface  for  the  lower  half.  Just  aft  of  the  oil  tank  is  a 
silicone  fabric  seal  which  separates  the  load  cell  mounted  cowling  from 
the  sting  mounted  cowling.  A  sheet  metal  cone  makes  the  transition  from 
the  Teflon  seal  to  the  sting.  This  cone  is  mounted  directly  on  the  sting. 

NACELLE  FAIRINGS 


The  sections  of  engine  cowling  which  blend  with  the  nacelle  inlets  are  used 
to  support  the  inlet  fairings.  The  fiber  glass  fairings  are  permanently 
attached  to  the  cowling  and  one  cowling  section  is  available  for  each 
inlet. 

The  afterbody  fairing  is  formed  of  sheet  metal  and  is  bolted  directly  to 
both  the  afterbody  and  the  engine  cowling.  The  afterbody  fairing  and  the 
inlet  fairing  meet  at  the  axial  station  of  the  fan  rotor  center  line. 
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Rotor 

Center  Line 


Fan 

Center  Li 


4 


TABLE  I 


MODEL  COORDINATES,  INLET  COWL  INTERNAL  SURFACE 


1  Inl< 

Jt  1 

Inlet  2 

Inlet  3 

X 

(inches) 

R 

(inches) 

X 

(inches) 

R 

(inches) 

X 

(inches) 

R 

(inches) 

0.0 

0.50 

0.98 

1 .47 
2.94 
4.76 
7.35 
14.70 
24.50 
36.75 
45.72 
49.00 

16.23 

15.385 

15.055 

14.84 

14.48 

14.33 

14.33 

14.60 

15.40 

17.34 

18.00 

18.00 

0.0 

0.27 

0.54 

0.81 

1 .62 
2.43 
4.26 
8.10 
13.50 
20.25 
23.72 
27.00 

18.17 

17.44 

17.16 

16.95 

16.52 

16.27 

16.09 

16.36 

17.15 

17.96 

18.00 

18.00 

0.0 

0.18 

0.36 

0.72 

1.08 

1.80 

3.60 

4.70 

6.00 

8.72 

12.00 

20.40 

19.76 

19.47 

19.12 

18.88 

18.53 

18.09 

18.00 

18.00 

18.00 

18.00 

Nv 
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Rotor 

Center  Line 


Fan 

Center 

Line 


(Coordinates  applicable  t  145  degrees  from  vertical;  remaining 
35  degrees  of  contour  is  shown  in  Table  X) 


TABLE  II 

MODEL  COORDINATES,  INLET  COWL  EXTERNAL  SURFACE 


Inlet  1 

Inlet  2 

Inlet  3 

X 

R 

X 

R 

X 

R 

(inches) 

(inches) 

(inches) 

(inches) 

(inches) 

(inches) 

0.0 

16 .23 

0.0 

18.17 

0.0 

20.40 

0.36 

16.995 

0.20 

18.78 

0.12 

20 . 94 

0.72 

17.315 

0.40 

19.05 

0.24 

21.21 

1.08 

17.575 

0.60 

19.27 

0.36 

21.40 

1.47 

17.820 

0.81 

19.47 

0.72 

21  98 

2.94 

18.59 

1.62 

20.05 

1.08 

22.25 

4.49 

19.20 

2.43 

20.53 

1.80 

22.84 

7.35 

20.22 

4.05 

21.27 

3.60 

23.86 

14.70 

21.91 

8.10 

22.62 

6.00 

24.66 

24.50 

23 . 55 

13.50 

23,82 

9.00 

24.98 

36.75 

24.72 

20.25 

24.73 

11.40 

25.00 

46.55 

24.96 

25.65 

24.98 

12.00 

25.00 

49.00 

25.00 

27.00 

25.00 

“ 

“ 
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TABLE  III 

MODEL  COORDINATES,  FAN  BULLETNOSE 


1 

R 

(inches) 

0.0 

0.0 

0.46 

1.78 

0.92 

2.34 

1.39 

2.88 

2.31 

3.77 

4.60 

5.16 

7.68 

6.44 

11.53 

7.61 

14.60 

8.  OP 

16.35 

8.10 
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Rot  or 

Center  Line 


(Coordinates  applicable  *  145  decrees  from  vertical;  remaining 
35  degrees  of  contour  is  shown  in  Table  XI) 


TABLE  IV 

MODEL  COORDINATES,  AFTERBODY  OUTER  CONTOUR 


Afterbody  1 

Afterbody  2 

Afterbody  4 

X 

R 

R 

R 

(inches) 

(inches) 

(inches) 

(inches) 

0.0 

25.00 

0.0 

25.00 

0.0 

25.00 

5.99 

24.92 

4.27 

24.91 

4.27 

24.99 

11.98 

24 .71 

8.54 

24.76 

8.54 

24 . 98 

20.97 

24.12 

14.95 

24.35 

14.95 

24.91 

29.95 

23.24 

21.35 

23.69 

21.35 

24  .60 

41,93 

21.58 

29.89 

22.47 

29.89 

23.92 

45.61 

20.94 

38.43 

20.78 

35.00 

23.37 

53.10 

19.47 

43.70 

19.50 

43.7 

22.06 

54.11 

19.30 

44.74 

19.30 

44.7  ! 

21.90 
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TABLE  V  (Continued) 

MODEL  COORDINATES,  NOZZLE  OUTER  SHROUD 


!  Afterbody  2  ? 

X 

Rc 

rh 

(inches) 

(inches) 

(inches) 

0.0 

18.00 

20.82 

5.00 

18.00 

20.82 

12.10 

18.00 

20.82 

18.00 

18.73 

20.82 

24.00 

19.56 

20.82 

29.00 

20.24 

20.82 

33.95 

20.82 

20.82 

36.20 

20.72 

20.72 

38.70 

20.44 

20.44 

41.20 

19.96 

19.96 

43.20 

19.42 

19.42 

44.74 

19.20 

19.20 

TABLE  V  (Continued) 

MODEL  COORDINATES,  NOZZLE  OUTER  SHROUD 


j  Afterbody  4  j 

X 

(inches) 

0.0 

18.00 

20.82 

7.74 

18.30 

20.82 

13.14 

19.20 

20.82 

18.14 

20.06 

21.12 

24.14 

21.08 

21  .62 

29.14 

21.95 

22.20 

32.64 

22.54 

22.56 

34.64 

22.76 

22.76 

36.89 

22.85 

22.85 

39.14 

22.64 

22.64 

43.74 

21.93 

21.93 

44.74 

21.80 

21.80 
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TABLE  VI 

MODEL  COORDINATES,  ENGINE  COWL  OUTER  SURFACE 


x 

(inches) 

R 

(inches) 

0.0 

5.63  j 

1.21 

6.95 

2.42 

7.58 

4.85 

8.48 

9.67 

9.64 

19.33 

10.88 

29.00 

11.00 

167.4 

11.00 

(From  X  to  end  of  model,  upper  180  degrees  of  engine  cowl  is  part 
of  engine-fan  nacelle  fairing.  depends  on  type  of  fan  inlet 

as  follows:) 

TABLE  VI  (Continued) 

MODEL  COORDINATES,  ENGINE  COWL  OUTER  SURFACE 
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to  Rotor 
Center  Line 


TABLE  VII 

MODEL  COORDINATES,  ENGINE  INLET  INTERNAL  SURFACE 


X 

— 

Y 

R 

(inches) 

(inches) 

(inches) 

0.0 

0.0 

5.63 

0.4 

0.0 

5.18 

0.8 

0.0 

5.02 

1.25 

0.0 

4.97 

2.40 

0.06 

4.95 

4.85 

0.30 

5.00 

9.65 

0.70 

5.12 

19.30 

1.70 

5.35 

29.20 

2.00 

5.358 
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TABLE  VIII 

MODEL  COORDINATES,  ENGINE  BULLETNOSE 


X 

(inches) 

R 

(inches) 

0 

0.0  1 

1 

1.50 

2 

2.00 

3 

2.30 

5 

2.50 

14 

2.50 
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Sotor 

Center  Line 


TABLE  IX  (Continued) 
MODEL  COORDINATES,  NOZZLE  PLUG 


Plu 

g  3 

X 

R 

(inches) 

(inches) 

0.00 

8. 16 

6.14 

9.74 

12.27 

11.93 

18.41 

14.15 

24.55 

16.02 

30.68 

15.76 

31.70 

15.58 

32.72 

15.37 

33.74 

15.13 

34.77 

14.96 

35.79 

14.74 

36.82 

14.51 

49.09 

11.80 

61.37 

9.07 

73.64 

6.34 

85.92 

3.61 

102.28 

0.00 

TABLE  IX  (Continued) 
MODEL  COORDINATES,  NOZZLE  PLUG 


Plug  4 

X 

R 

(inches) 

(inches) 

0.00 

8.16 

7.43 

9.20 

14.90 

11.62 

22.30 

14.12 

29.73 

16.63 

37.18 

18.55 

38.42 

18.61 

39.66 

18.55 

40.90 

18.39 

42.14 

18. 14 

43.37 

17.86 

44.60 

17.59 

59.50 

14.39 

74.35 

10.99 

89.20 

7.69 

104.00 

4.41 

123.90 

0.00 
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(X  distance  i 
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TABLE  IX  (Continued) 

MODEL  COORDINATES,  NOZZLE  PLUG 
s  dependent  on  afterbody-plug  combination  as  follows:) 


Plug 

Afterbody 

xo 

(inches) 

2 

1 

20.33 

2 

2 

10.96 

3 

1 

20.33 

3 

2 

10.96 

3 

4 

10.96 

4 

4 

3.24 
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Roto  ' 

Center  Line 


(Radius  of  fairing  intersects  engine  and  fan  nacelle  radii 
at  points  Y1  and  Y 


TABLE  X 

MODEL  COORDINATES,  FAN  INLET  TO  ENGINE  NACELLE  FAIRING 


Inlet  1 

I  X 

vi 

Y2 

R 

(inches) 

(inches) 

(inches) 

(inches) 

0.0 

16.23 

18.00 

1.80 

1.5 

15.08 

19.65 

2.65 

2.9 

16.20 

20.45 

2.70 

4.4 

16.70 

21 .05 

2.70 

7.4 

17.10 

21.50 

2,80 

14.7 

17.65 

22.50 

3.30 

24.5 

18.50 

24.50 

4.78 

36.8 

19.40 

26.60 

7.90 

46.6 

20.50 

28.00 

8.20 

49.0 

20.65 

28.10 

8.50 
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TABLE  X  (Continued) 

MODEL  COORDINATES,  FAN  INLET  TO  ENGINE  NACELLE  FAIRING 


Inlet  2 

X 

Y 

Y 

R 

1 

2 

(inches) 

(inches ) 

(inches) 

(inches ) 

0.00 

18.00 

18.00 

0.0 

0.80 

16.75 

21.00 

2.60 

1 .65 

16.90 

22.35 

3.60 

2.45 

17.25 

22.70 

3.86 

4.05 

17.55 

23.15 

4.08 

8.10 

18.05 

23.85 

4.46 

13.50 

18.85 

25.35 

5.64 

20.30 

19.50 

26.85 

7.22 

25.65 

20.25 

28.00 

7.90 

27.00 

20.65 

28.10 

8.50 

TABLE  X  (Continued) 

MODEL  COORDINATES,  FAN  INLET  TO  ENGINE  NACELLE  FAIRING 


Inlet  3 

X 

Yi 

Y2 

R 

(inches) 

(inches) 

(inches) 

(inches) 

0.00 

18.00 

18.00 

0.0 

0.35 

18.95 

22.60 

2.46 

0.70 

19.20 

23.20 

2.80 

1  .08 

19.40 

23.60 

3.10 

1.78 

19.80 

24.25 

3.44 

3.60 

20.10 

26.05 

5.40 

6.00 

20.20 

27.60 

7.78 

9.00 

20.50 

27.90 

8.10 

11.35 

20.55 

27.95 

8.30 

12.00 

20.65 

28.10 

8 . 50 
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Rotor 


(Radius  of  fairing  intersects  afterbody  and  engine 
nacelle  radii  at  points  Yj^  and  Yg) 


TABLE  XI 

MODEL  COORDINATES,  AFTERBODY  TO  ENGINE  NACELLE  FAIRING 


Afterbody  1  T 

mm 

■H 

R 

(inches) 

0.0 

20.65 

■B 

8.5 

6.0 

20.45 

Wmm  i 

8.3 

12.0 

20.25 

>  w mm  j 

8.2 

21.0 

19.75 

wmm  : 

7.0 

30.0 

19.60 

26.00 

6.0 

41.9 

19,45 

22.70 

2.5 

45.6 

19.35 

21.10 

1.1 

54.11 

19.30 

19.30 

“ 
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TABLE  XI  (Continued) 

MODEL  COORDINATES,  AFTERBODY  TO  ENGINE  NACELLE  FAIRING 


Afterbody  2 

X 

Y1 

Y2 

R 

(inches ) 

(inches ) 

(inches) 

(inches) 

0.0 

20.65 

28.10 

8.5  ! 

4.30 

20.40 

28.65 

8.3 

8.55 

20.25 

28.10 

8.1 

14.95 

20.00 

27.50 

8.0 

21.35 

19.35 

24.30 

5.3 

29.90 

19.30 

23.05 

4.3 

38.40 

19.30 

21.25 

1.3 

44.74 

19.30 

19.30 

— 

TABLE  XI  (Continued) 

MODEL  COORDINATES,  AFTERBODY  TO  ENGINE  NACELLE  FAIRING 


Afterbody  4 

X 

Y1 

Y2 

R 

(inches) 

(inches) 

(inches) 

(inches)  i 

0.0 

20.65 

28.10 

8.5 

4.30 

20.60 

28.05 

8.5 

8.60 

20.55 

28.00 

8.5 

15.00 

20.50 

27.95 

8.5 

21.40 

20.75 

27.3 

6.0 

29.90 

21.15 

24.6 

2.2 

38.45 

21.35 

23.15 

1.1 

44.74 

21.90 

21.90 

0.0 
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TABLE  XII 


SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  INLET  COWL  INTERNAL  SURFACE 


Inlet  1 

X 

(inches) 

R 

(inches) 

Instrumentation  P] 

Lane 

ia 

U 

■fl 

W 

X 

m 

0.0 

16.23 

498 

131 

132 

133 

134 

135 

Leading  Edge 

0.50 

15.385 

180 

- 

- 

- 

- 

- 

0.98 

15.055 

181 

- 

- 

- 

- 

- 

1.47 

14.84 

136 

137 

138 

139 

- 

2.94 

14.48 

141 

143 

144 

146 

4.76 

14.33 

147 

148 

149 

150 

- 

Throat 

7.35 

14.33 

152 

153 

154 

155 

156 

157 

14.70 

14.60 

158 

159 

160 

161 

162 

- 

24.50 

15.40 

163 

164 

165 

166 

167 

168 

36.75 

17.34 

169 

170 

171 

172 

173 

- 

45.72 

18.00 

174 

175 

176 

177 

178 

179 

Fan  Inlet 

TABLE  XII  (Continued) 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  INLET  COWL  INTERNAL  SURFACE 


Inlet  2 

Y 

D 

Instrumentation  Plane 

A 

(inches) 

(inches) 

H 

U 

■ 

W 

■a 

■1 

0.0 

18.17 

498 

- 

132 

- 

134 

- 

Leading  Edge 

0.27 

17.44 

180 

- 

- 

- 

- 

- 

0.54 

17.16 

181 

- 

- 

- 

- 

- 

0.81 

16.95 

136 

- 

138 

- 

BBTC 

- 

1.62 

16.52 

141 

- 

143 

- 

1'.  PC 

- 

2.43 

16.27 

147 

- 

149 

- 

■±9 

- 

4 .23 

16.09 

152 

- 

154 

- 

156 

- 

Throat 

8.10 

16.36 

158 

- 

160 

- 

162 

- 

13.50 

17.15 

163 

- 

165 

- 

167 

- 

20.25 

17.96 

169 

- 

171 

- 

173 

- 

23.72 

18.00 

174 

175 

176 

177 

178 

179 

Fan  Inlet 
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TABLE  XII  (Continued) 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  INLET  COWL  INTERNAL  SURFACE 


Inlet  3 

V 

R 

(inches) 

Instrumentation 

Plane 

A 

(inches) 

HI 

U 

H 

W 

H 

H 

0.0 

20.40 

498 

- 

132 

134 

- 

- 

Leading  Edge 

0.18 

19.76 

180 

- 

- 

- 

- 

- 

0.36 

19.47 

136 

- 

138 

- 

- 

0.72 

19.12 

141 

- 

143 

- 

- 

1.08 

18.88 

147 

- 

149 

- 

- 

1.80 

18.53 

152 

- 

154 

156 

- 

- 

3.60 

18.09 

158 

- 

160 

162 

- 

- 

4.70 

18.00 

153 

- 

158 

157 

- 

- 

Throat 

6.00 

18.00 

163 

- 

165 

167 

- 

- 

8.72 

18.00 

174 

175 

176 

177 

178 

179 

TABLE  XIII 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  INLET  COWL  EXTERNAL  SURFACE 


Inlet  1 

Instrumentation  Plane 

A 

(inches) 

K 

(inches) 

H 

B 

C 

D 

E 

Z 

0.36 

16.995 

495 

- 

- 

- 

- 

- 

0.72 

17.315 

496 

- 

- 

- 

- 

- 

1.08 

17.575 

497 

- 

- 

_ 

- 

- 

1.47 

17.820 

182 

183 

184 

185 

186 

187 

2.94 

18.59 

188 

189 

190 

191 

192 

- 

4.49 

19.20 

193 

194 

195 

196 

197 

198 

7.35 

20.22 

199 

200 

201 

202 

203 

- 

14.70 

21.91 

204 

205 

206 

207 

208 

209 

24.50 

23.55 

210 

211 

212 

213 

214 

- 

36.75 

24.72 

215 

216 

217 

218 

219 

220 

46.55 

24.96 

221 

222 

223 

224 

225 

- 

49.00 

25.00 

226 

227 

228 

. 

229 

230 

231 

Max.  Diameter 

93 


TABLE  XIII  (Continued) 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  INLET  COWL  EXTERNAL  SURFACE 


Inlet  2 

v 

p 

'  Instrumentation  Plane 

A 

(inches) 

(inches) 

■1 

B 

C 

H 

E 

Z 

0.12 

20.94 

495 

— 

- 

- 

- 

- 

0.24 

21.21 

496 

- 

- 

- 

- 

- 

0.36 

21.40 

182 

- 

184 

185 

186 

- 

0.72 

21.98 

188 

- 

190 

191 

192 

- 

1.08 

22.25 

193 

- 

195 

196 

197 

- 

1.80 

22.84 

199 

- 

201 

202 

203 

- 

3.60 

23.86 

204 

- 

206 

207 

208 

- 

6.00 

24.66 

210 

- 

212 

213 

214 

- 

9.00 

24.98 

215 

- 

217 

218 

219 

- 

11.40 

25.00 

221 

- 

223 

224 

225 

- 

12.00 

25.00 

226 

227 

228 

229 

230 

231 

Max.  Diameter 

TABLE  XIII  (Continued) 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  INLET  COWL  EXTERNAL  SURFACE 


Inlet  3 

D 

Instrumentation  Plane 

(inches) 

H 

B 

C 

D 

H 

Z 

0.12 

20.94 

495 

- 

- 

- 

- 

- 

0.24 

21.21 

496 

- 

- 

- 

- 

- 

0.36 

21.40 

182 

- 

184 

185 

186 

- 

0.72 

21.98 

188 

- 

190 

191 

192 

- 

1.08 

22.25 

193 

- 

195 

196 

197 

- 

1.80 

22.84 

199 

- 

201 

202 

203 

- 

3.60 

23.86 

204 

- 

206 

207 

208 

- 

6.00 

24.66 

210 

- 

212 

213 

214 

- 

9.00 

24.98 

215 

- 

217 

218 

219 

- 

11.40 

25.00 

221 

- 

223 

224 

225 

- 

12.00 

25.00 

226 

227 

228 

229 

230 

231 

Max.  Diameter 
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TABLE  XIV 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  FAN  BULLETNOSE 


X 

(inches) 

R 

(inches) 

Instrum 

Pla 

entation 

ne 

V 

Y 

0.0 

0.0 

|| 

Leading  Edge 

0.46 

1.78 

BBI 

103 

0.92 

2.34 

104 

106 

1.39 

2.88 

107 

109 

2.31 

3.77 

110 

112 

4  .60 

5.16 

113 

115 

7.68 

6.44 

116 

118 

11.53 

7.61 

119 

121 

14.60 

8.08 

122 

TABLE  XV 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  AFTERBODY  OUTER  CONTOUR 


Afterbody 

1 

v 

D 

Instrumentation  Plane 

A 

(inches) 

(inches) 

H 

B 

C 

0 

E 

Z 

0.0 

25.00 

226 

227 

228 

229 

230 

231 

Max.  Diameter 

5.99 

24.92 

232 

- 

234 

235 

236 

- 

11.98 

24.71 

237 

- 

239 

240 

241 

242 

20.97 

24.12 

243 

- 

245 

246 

247 

- 

29.95 

23.24 

248 

- 

250 

251 

252 

253 

41.93 

21.58 

254 

- 

256 

257 

258 

- 

45.61 

20.94 

259 

- 

261 

262 

263 

- 

53.10 

19.47 

588 

' 

589 

590 

587 
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TABLE  XV  (Continued) 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  AFTERBODY  OUTER  CONTOUR 


Afterbody 

2 

V 

D 

Instrumentation  Plane 

(inches) 

(inches) 

A 

B 

C 

D 

E 

Z 

0.0 

25.00 

226 

227 

228 

229 

230 

231 

Max.  Diameter 

4.27 

24.91 

232 

233 

234 

235 

236 

- 

8.54 

24.76 

237 

238 

239 

240 

241 

242 

14.95 

24.35 

243 

244 

245 

246 

247 

- 

21.35 

23.69 

248 

249 

250 

251 

252 

253 

29.89 

22.47 

254 

255 

256 

257 

258 

- 

38.43 

20.78 

259 

260 

261 

262 

263 

- 

43.70 

19.50 

588 

589 

590 

587 

TABLE  XV  (Continued) 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  AFTERBODY  OUTER  CONTOUR 


Alterbody  4 

Y 

R 

Instrumentation  Plane 

[inches) 

(inches) 

A 

B 

C 

D 

E 

Z 

0.0 

25.00 

226 

227 

228 

229 

230 

231 

Max.  Diameter 

4.27 

24.99 

232 

233 

234 

235 

236 

- 

8.54 

24.98 

237 

238 

239 

240 

241 

242 

14.95 

24.91 

243 

244 

245 

246 

247 

- 

21.35 

24.60 

248 

249 

250 

251 

252 

253 

29.89 

23 . 92 

254 

255 

256 

257 

258 

- 

35.00 

23.37 

259 

260 

261 

262 

263 

- 

43.70 

22.06 

588 

589 

590 

587 
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TABLE  XVI 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  NOZZLE  OUTER  SHROUD 


Afterbody  1 

Instrumentation  Plane 

X 

R 

T 

R 

X 

(inches) 

(inches) 

(inches) 

10.00 

18.00 

- 

- 

21.50 

18.00 

20.82 

102 

27.40 

18.73 

20.82 

108 

33.40 

19.56 

111 

20.82 

114 

38.40 

20.24 

117 

20.82 

120 

43.35 

20.82 

123 

20.82 

313 

45.60 

20.72 

324 

20.72 

335 

48.10 

20.44 

347 

20.44 

348 

50.60 

19.96 

354 

19.96 

360 

53.10 

19.42 

371 

19.42 

382 

TABLE  XVI  (Continued) 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  NOZZLE  OUTER  SHROUD 


Afterbody  2 

Instrumentation  Plane 

X 

R 

T 

R 

X 

(inches) 

(inches) 

(inches) 

5.00 

18.00 

- 

- 

12.10 

18.00 

20.82 

102 

18.00 

18.73 

20.82 

108 

24.00 

19.56 

111 

20.82 

114 

29.00 

20.24 

117 

20.82 

120 

33.95 

20.82 

123 

20.82 

313 

36.20 

20.72 

324 

20.72 

335 

38.70 

20.44 

347 

20.44 

348 

41.20 

19.96 

354 

19.96 

360 

43.70 

19.42 

371 

19.42 

382 
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TABLE  XVI  (Continued) 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  NOZZLE  OUTER  SHROUD 


Afterbody  4 


Instrumentation  Plane 


X 

R 

T 

R 

X 

(inches) 

(inches) 

(inches) 

7.74 

18.30 

- 

- 

13.14 

19.20 

20.82 

102 

18.14 

20.06 

21.12 

108 

24.14 

21.08 

111 

21  .62 

114 

29.14 

21.95 

117 

22.20 

120 

32.64 

22.54 

123 

22.56 

313 

34.64 

22.76 

324 

22.76 

335 

36.89 

22.85 

347 

22.85 

348 

39.14 

22.64 

354 

22.64 

360 

43.74 

21.93 

371 

21  .93 

382 

TABLE  XVII 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  ENGINE  NACELLE  OUTER  CONTOUR 


X 

R 

Instrumentation  Plane 

(inches) 

(inches) 

F 

G 

H 

I 

J 

0.0 

5.63 

308 

309 

310 

311 

312 

Leading  Edge 

1.21 

6.95 

349 

350 

351 

352 

353 

2.42 

7.58 

355 

356 

357 

358 

359 

4.85 

8.48 

361 

362 

363 

364 

365 

9.67 

9.64 

366 

367 

368 

369 

370 

19.33 

10.88 

372 

373 

374 

375 

376 

29.00 

11.00 

377 

378 

379 

380 

381 

34,00 

11.00 

383 

- 

- 

384 

385 

49.00 

11.00 

386 

- 

- 

387 

388 

64.00 

11.00 

389 

- 

- 

390 

391 

79.00 

11.00 

392 

- 

- 

393 

394 

94.00 

11.00 

- 

- 

- 

395 

396 

109.00 

11.00 

- 

- 

- 

397 

398 

124.00 

11.00 

- 

- 

- 

399 

400 

139.00 

11.00 

- 

- 

- 

401 

402 

154.00 

11.00 

403 

404 

Aft  Edge  of 

Model 

TABLE  XVIII 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  ENGINE  NACELLE  INNER  CONTOUR 


X 

(inches) 

R 

(inches) 

Instrumentation  Plane 

L 

M 

N 

0 

P 

1.21 

4 .96 

314 

315 

316 

317 

318 

2.42 

4.97 

319 

320 

321 

322 

323 

4.85 

5.00 

325 

326 

327 

328 

329 

9.67 

5.12 

330 

331 

332 

333 

334 

19.33 

5.35 

336 

337 

338 

339 

340 

29.00 

5.35 

341 

342 

343 

344 

345 

Engine  Inlet 

TABLE  XIX 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  PLUG  CONTOUR 


Plug 

2 

v 

D 

Instrumentation 

Plane 

(inches) 

(inches) 

T 

V 

X 

0.60 

8.16 

265 

- 

266 

5.77 

9.49 

267 

- 

268 

11.54 

11.39 

269 

- 

270 

17.31 

13.26 

271 

- 

272 

23.07 

14.94 

273 

- 

274 

28.84 

14.80 

275 

276 

277 

29.80 

14.64 

278 

279 

280 

30.76 

14.46 

281 

282 

283 

31.72 

14.29 

284 

285 

286 

32.68 

14.07 

287 

288 

289 

33.64 

13.85 

290 

291 

292 

34.61 

13.65 

293 

294 

295 

46.15 

11.09 

296 

297 

298 

57.68 

8.53 

299 

300 

301 

69.22 

5.97 

302 

303 

304 

80.76 

3.41 

305 

306 

307 

96.14 

0.00 

264 

“ 

Note:  Distance  from 

rotor  center  line  is  (X  +  X  )  where  X 

is  given 

in  Table  IX  for  each  plug- after  body 

combination. 
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TABLE  XIX  (Continued) 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  PLUG  CONTOUR 


Plug  3 


X 

(inches) 

R 

(inches) 

Instrumentation  Plane 

T 

V 

Hi 

0.60 

8.16 

265 

- 

266 

6.14 

9.74 

267 

; 

268 

12.27 

11.93 

269 

- 

270 

18.41 

14.15 

271 

- 

272 

24.55 

16.02 

273 

- 

274 

30.68 

15.76 

275 

276 

277 

31.70 

15.58 

278 

279 

280 

32.72 

15.37 

281 

282 

283 

33.74 

15.13 

284 

285 

286 

34.77 

14.96 

287 

288 

289 

35.79 

14.74 

290 

291 

292 

36.82 

14.51 

293 

294 

295 

49.09 

11.80 

296 

297 

298 

61.37 

9.07 

299 

300 

301 

73.64 

6.34 

302 

303 

304 

85.92 

3.61 

305 

306 

307 

102.28 

0.00 

264 

*“ 

Note:  Distance  from  rotor  center  line  is  (X  +  XQ)  where  XQ  is  given 
in  Table  IX  for  each  plug- afterbody  combination. 
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TABLE  XIX  (Continued) 

SURFACE  PRESSURE  INSTRUMENTATION  LOCATION,  PLUG  CONTOUR 


Plug  4 

Y 

D 

Instrumentation  Plane 

A 

(inches) 

rv 

(inches) 

T 

V 

X 

0.60 

8.16 

265 

- 

266 

7.43 

9.20 

267 

- 

268 

14.90 

11.62 

269 

- 

270 

22.30 

14.12 

271 

- 

272 

29.73 

16.63 

273 

- 

274 

37.18 

18.55 

275 

276 

278 

38.42 

18.61 

279 

280 

281 

39.66 

18.55 

282 

283 

284 

40.90 

18.39 

285 

286 

287 

42.14 

18.14 

288 

289 

290 

43.37 

17.86 

291 

292 

293 

44.60 

17.59 

294 

295 

296 

59.50 

14.39 

297 

298 

299 

74.35 

10.99 

300 

301 

302 

89.20 

7.69 

303 

304 

305 

104.00 

4.41 

306 

307 

308 

123.90 

0.00 

— 

264 

Note:  Distance  from 

rotor  center 

line  is 

(X  +  X_) 

where  X 

0  is  given 

in  Table  IX  for  each  plug- 

afterbody  combination. 
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TABLE  XX 

CAS  STREAM  PRESSURE  INSTRUMENTATION  LOCATION  -  STATION  2.0 


R 

(inches) 

Instrumentation  Plane 

L' 

N  ' 

P  ' 

Total 
Press . 

Static 
Press . 

Total 
Press . 

Static 
Press . 

Total 
Press . 

Static 
Press . 

5.228 

_ 

■I 

_ 

■9 

4.988 

- 

- 

■a  i 

- 

4.598 

432 

435 

427 

438 

4.038 

414 

433 

*  KH  : 

436 

428 

439 

3.328 

415 

434 

422 

437 

429 

440 

2.878 

416 

- 

423 

- 

430 

- 

2.618 

417 

“ 

424 

— 

431 

Engine  Compressor  Inlet  -  Station  2.0  (77.45  inches  forward  of 

rotor  center  line) . 


Hub  Radius  =  2.50  inches 
Tip  Radius  =  5.358  inches 


TABLE  XX  (Continued) 

GAS  STREAM  PRESSURE  INSTRUMENTATION  LOCATION  -  STATION  5.1 


R 

(inches) 

Instrumentation  Plane 

L 

Total 

Press . 

P 

Total 
Press . 

2.185 

mmm 

410 

3.785 

409 

4.885 

408 

Engine  Turbine  Discharge  - 

Station  5.1. 

Radius  =  5.30  inches 
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TABLE  XX  (Continued) 

GAS  STREAM  PRESSURE  INSTRUMENTATION  LOCATION  -  STATION  5.6 


Plane 


V’ 

543 

w 

544 

w ' 

545 

X 

546 

X  ' 

547 

A  ' 

548 

A  '  ' 

549 

Y 

550 

Fan  Turbine  Discharge  -  Station  5.6  (12.12  inches  aft  of  rotor 

center  line). 

Probes  located  on  radius  of  19.85  inches 
Hub  Radius  =  18.96  inches 
Tip  Radius  -  20.82  inches 
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Fan  Rotor  Inlet  -  Station  10.0  (9.25  inches  forward  of  rotor  center  line). 

Inlet  1  Inlet  2  Inlet  3 
Hub  Radius  6.22  6.22  6.22 

Tip  Radius  17.76  17.72  18.24 


TABLE  XX  (Continued) 

GAS  STREAM  PRESSURE  INSTRUMENTATION  LOCATION  -  STATION  10.6 


R 

(inches) 

Instrumentation  Plane 

U  ' 

W  ’ 

A  ' 

B  ' 

17.69 

561 

567 

1 

579 

16.44 

562 

568 

580 

15.00 

563 

569 

575 

581 

13.50 

564 

570 

576 

582 

11.75 

565 

571 

577 

583 

9.26 

566 

572 

578 

584 

Fan  Rotor  Discharge  -  Station  10.6  (2  inches  aft  of  rotor 

center  line) . 


Hub  Radius  =  8.10  inches 
Tip  Radius  =  18.00  inches 


TABLE  XX  (Continued) 

GAS  STREAM  PRESSURE  INSTRUMENTATION  LOCATION  -  STATION  11.0 


Configuration  1 

Instrumentation  Plane 

X-l-2 

KflBI 

X-2-2 

X-2-3 

■SB! 

U  ' 

W  ' 

n 

B  ' 

Radius  (inches) 

17.88 

17.88 

17.88 

17.88 

539 

— 

531 

17.68 

17.68 

17.68 

17.68 

540 

- 

532 

17.50 

17.50 

17.50 

17.50 

541 

- 

533 

17.31 

17.31 

17.31 

17.31 

17.41 

18.34 

542 

- 

534 

16.75 

16.75 

16.62 

16.62 

16.47 

17.41 

513 

519 

525 

15.56 

15.56 

15.41 

15.42 

15.28 

16.47 

514 

520 

526 

14.32 

14.32 

14.15 

14.15 

14.05 

15.25 

515 

521 

527 

12.82 

12.82 

12.67 

12.66 

12.54 

13.96 

510 

516 

522 

528 

11.83 

11.83 

11.15 

11.13 

11.03 

12.40 

511 

517 

523 

529 

9.19 

9.19 

8.98 

8.95 

8.96 

10.84 

512 

518 

524 

530 

8.87 

8.87 

8.96 

9.00 

9.00 

11.38 

- 

535 

- 

- 

8.69 

8.69 

8.77 

8.81 

8.81 

11.19 

- 

536 

- 

- 

8.48 

8.48 

8.60 

8.63 

8.63 

11.01 

- 

537 

- 

- 

8.28 

8.28 

8.39 

8.43 

8.43 

10.81 

- 

538 

- 

- 

8.16 

8.16 

8.27 

8.31 

8.31 

9.69 

Hub  Radius 

18.00 

18.00 

18.00 

18.00 

19.03 

19.03 

Tip  Radius 

Fan  Stage  Discharge  -  Station  11,0  (12.1  inches  aft  of  rotor 

center  line). 
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TABLE  XX  (Continued) 

GAS  STREAM  PRESSURE  INSTRUMENTATION  LOCATION  -  STATION  14 


Instrumental Ion 

Plane 

F 

549 

G 

550 

H 

551 

I 

552 

J 

553 

J 

554 

K 

555 

K 

556 

Model 

rotor 

Base  at  Sting  Support  -  Station 
center  line). 

14.0  (65.9  inches  aft  of 

TABLE  XXI 

SUMMARY  OF  TEST  POINTS  DURING  NOISE  STUDIES  -  MODEL  3 


K  • 

Mach 

No. 

Mo 

Fan  Speed 
(rpm) 

Blade  Tip 
Mach  No. 
(Rotational) 

Fan  Face 
Mach  No. 

Mo 

Blade 

Passing 

Frequency 

(cps) 

0.30 

1900 

0.283 

■EJJP1 

1140 

0.40 

2450 

0.347 

HSIH 

1470 

0.50 

2950 

0.414 

1770 

0,60 

3410 

0.477 

0.394 

2045 

5 

0.70 

3760 

0.519 

0.423 

2255 

6 

0.80 

0.550 

0.444 

2430 

7 

0.30 

1920 

0.283 

0.215 

1152 

8 

0,30 

2000 

0.294 

0.217 

1200 

Fan  -  X376  Cruise  Fan 
Blade  Tip  Diameter  -  36.0 
Rotor  Hub  Diameter  -  16.1 
Number  of  Blades  -  36 

inches 

inches 
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a.  Front  View  of  Model  3 


b.  Rear  View  of  Model  3 


Figure  1. 


Typical  Model  Mounted  in  Test  Section  of  Langley  16- Foot 
Tunnel . 
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PLUG  SUPPORT  STRUTS 
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Figure  3.  Cruise  Fan  Model  Nomenclature 
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Figure  6.  Geometry  and  Dimensional  Data  for  Models  5  and  6. 
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Figure  7.  Geometry  and  Dimensional  Data  for  Models  7  and  8. 
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Physical  Flow  Area, 


Figure  8.  Internal  Area  Distribution  -  Inlet  1. 
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Physical  Flow  Area, 


x 

Axial  Distance,  — 
Li 


Figure  9.  Internal  Area  Distribution  -  Inlet  2. 
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Figure  10.  Internal  Area  Distribution  -  Inlet  3. 


116 


Annulus  Area. 


Figure  11,  Nozzle  Area  Distribution  for  Model  Using 
Afterbody  1  and  Plug  2. 
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Figure  12.  Nozzle  Area  Distribution  for  Model  Using 
Afterbody  1  and  Plug  3. 
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Annulus  Area, 


2.2 


- T — - r —  - - - — - 

A^  q  =  540  Square  Inches  (Nozzle 
Discharge  Nominal  Area) 


Figure  13. 


Nozzle  Area  Distribution  for  Model  Using 
Afterbody  2  and  Plug  2. 
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Figure  15.  Nozzle  Area  Distribution  for  Model  I'sing 
Afterbody  4  and  Plug  3. 
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Annulus  Ar 


Figure  16.  Nozzle  Area  Distribution  for  Model  Using 
Afterbody  4  and  Plug  4. 
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Physical  Flow  Area 


Figure  17.  Internal  Area  Distribution  for  Engine  Inlet. 
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Figure  18.  Instrumentation  Plane  Nomenclature. 
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Figure  19.  Model  Axial  Plane  Notation 
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Figure  20.  Variation  of  Speed  Ratio  Parameter  with  Mach 
Number  and  Corrected  Fan  Speed. 
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Corrected  Engine  Speed,  E  ,  Percent 


Figure  23.  Engine  Turbine  Discharge  Total  Pressure 
Model  1 . 


Corrected  Horsepower, 


Figure  25.  Engine  Ideal  Gas  Horsepower  Characteristics 
Model  1. 
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Figure  32.  Engine  Exhaust  Gas  Temperature  -  Model 
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Figure  34.  Engine  Airflow  Characteristics  -  Model  4 
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Model  4 
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Figure  38. 


Engine  Airflow  Characteristics  -  Model  5 


Corrected  Engine  Speed, 


,  Percent 
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Figure  39. 


Engine  Turbine  Discharge  Total  Pressure 
Model  5. 


Corrected  Exhaust  Gas  Temperature,  T5.1,  Degrees  Rankine 


.  e 

2 

Figure  40.  Engine  Exhaust  Gas  Temperature  -  Model  5. 
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Figure  42.  Engine  Airflow  Characteristics  -  Model  6, 
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Figure  44.  Engine  Exhaust  Gas  Temperature  -  Model  6 
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2 

Figure  45.  Engine  Ideal  Gas  Horsepower  Characteristic 
Model  6. 
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Figure  46 


L52 


Corrected  Exhaust  Gas  Temperature,  T5» 1,  Degrees  Rankine 


Corrected  Engine  Speed, 


Percent 


Figure  51 . 


Engine  Turbine  Discharge  Total  Pressure 
Mode  1  8 . 


Corrected  Engine  Speed, 
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7TT 


,  Percent 


Figure  52.  Engine  Exheust  Gee  Temperature  -  Model  8 


Figure  54.  Fan 
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Figure  5 


orrected  Fan  Speed, 


Percent 


Fan  Total  Pressure  Ratio  -  Model  1 


Fan  Ideal  Gross  Thrust,  11.0,  Pounds 


^10 


Figure  56.  Fan  Stream  Ideal  Gross  Thrust  -  Model  1. 
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Corrected  Ideal  Gross  Thrust,  G  ,  Pounds 


Figure  58.  Fan  System  Ideal  Gross  Thrust  -  Model  1. 
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Corrected  Ram  Drag,  DR,  Pounds 


7000 


Corrected  Fan  Speed, 


N. 


Percent 


Figure  59.  Total  Ram  Drag  -  Model  1, 
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Figure  60.  Fan  System  Ideal  Net  Thrust  -  Model  1 
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Figure  62.  Fan  Pressure  Coefficient  Characteristics 


2.0 


Model  1, 
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-0. 


Speed 


Figure  64.  Fan  Net  Thrust  Coef 
of  0,95  -  Model  1. 
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ient  with  a  Nozzle  Coefficient 


Corrected  Fan  Airflow,  If/  10,  Pounds  Per  Second 


Figure  65.  Fan  Airflow  Characteristics  -  Model  2. 
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Thrust  -  Model  2. 


Corrected 


Fan  Speed, 
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Figure  70.  Total  Ram  Drag  -  Model  2 


Corrected  Ideal  Net  Thrust,  NI ,  Pounds 
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Corrected  Fan  Speed,  F  ,  Percent 


Figure  77.  Fan  Total  Pressure  Ratio  -  Model  3, 
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Fan  Turbine  Discharge  Ideal  Gross  Thrust, 


Figure  79.  Fan  Turbine  Residual  Ideal  Gross  Thrust 
Model  3. 
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Figure  82.  Fan  System  Ideal  Net  Thrust  -  Model  3. 


88 


Speed  Ratio,  JO 
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Figure  83.  Fan  Flow  Coefficient  Characteristics 
Model  3. 


Speed 


Figure  85.  Fan  Ideal  Net 


Fan  Net  Thrust  Coefficient, 


Figure  86.  Fan  Net  Thrust  Coefficient  with  a  Nozzle  Coefficient 
of  0.95  -  Model  3. 
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Corrected  Fan  Airflow,  10_10,  Pounds  Per  Second 


Figure  87.  Fan  Airflow  Characteristics  -  Model  4. 
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Corrected  Fan  Speed, 


/T~ 

10 


Percent 


Figure  90.  Fan  Turbine  Residual  Ideal  Gross  Thrust 
Model  4. 


Corrected  Ram  Drag,  DR,  Pounds 


Figure  92.  Total  Ram  Drag  -  Model  4. 
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Fan  Pressure  Coefficient 


Figure  95.  Fan  Pressure  Coefficient  Characteristics  -  Model  4. 
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Fan  Net  Thrust  Coefficient 


Figure  97.  Fan  Net  Thrust  Coefficient  with  a  Nozzle  Coefficient 
of  0.95  -  Model  4. 
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Corrected  Fan  Airflow,  10'  10,  Pounds  Per  Second 


204 


Fan  Pressure  Ratio,  THE 


Figure  99.  Fan  Total  Pressure  Ratio  -  Model  5. 
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Corrected  Fan  Speed, 


Percent 


Figure  100.  Fan  Stream  Ideal  Gross  Thrust  -  Model  5 


v  D10 


Figure  104.  Fan  System  Ideal  Net  Thrust  -  Model  5. 
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Figure  106.  Fan  Pressure  Coefficient  Characteristics  -  Model  5 
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Figure  107.  Fan  Ideal  Net  Thrust  Coefficient  -  Model  5. 
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Figure  109.  Fan  Airflow  Characteristics  -  Model  6 
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Fan  Pressure  Ratio,  THE 


Figure  110.  Fan  Total  Pressure  Ratio  -  Model  6. 
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Fan  Turbine  Discharge  Ideal  Gross  Thrust,  j>.6.  Pounds 


Model  6. 
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Corrected  Ideal  Gross  Thrust,  G  ,  Pounds 
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Corrected  Ideal  Net  Thrust 


U.  l*o 


Figure  115.  Fan  System  Ideal  Net  Thrust  -  Model  6 


Fan  Pressure  Coefficient 


«  * 

Figure  117.  Fan  Pressure  Coefficient  Characteristics  -  Model  6. 
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Fan  Net  Thrust 


Figure  119.  Fan  Net  Thrust  Coefficient  with  a  Nozzle  Coefficient 
of  0.95  -  Model  6. 
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Corrected  Fan  Speed  , 


Percent 


Figure  120.  Fan  Airflow  Characteristics  -  Model  7 
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Figure  122. 


Fan  Stream  Ideal  Gross  Thrust  -  Model  7 


Fan  Net  Thrust  Coefficient, 


0.5 


Figure  129.  Fan  Ideal  Net  Thrust  Coefficient  -  Model  7. 
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Corrected  Fan  Airflow,  10'  10  ,  Pounds  Per  Second 


Corrected  Ideal  Gross  Thrust,  G  ,  Pounds 


Figure  138.  Fan  Flow  Function  Characteristics  -  Model  8. 


244 


Fan  Pressure  Coefficient 


Figure  139.  Fan  Pressure  Coefficient  Characteristics  - 
Mode  1  8 • 
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Speed  Ratio,  _0 
"l 


Figure  140.  Fan  Ideal  Net  Thrust  Coefficient  -  Mode 


Fan  Net  Thrust  Coefficien 


Figure  141.  Fan  Net  Thrust  Coefficient  with  a  Nozzle  Coefficient 
of  0.95  -  Model  8. 
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Figure  146.  Fan  Speed  -  Horsepower  Characteristics  -  Model  2 
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Corrected  Engine  Speed,  E  ,  Percent 


Figure  150.  Engine  Horsepower  Absorbed  by  Fan  Turbine 
Model  3. 


Pressure 


Figure  151.  Fan  Turbine  Pressure  and  Temperature  Ratios  - 
Model  4. 
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Corrected  Fan  Speed,  F  ,  Percent 
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Figure  152.  Fan  Speed  -  Horsepower  Characteristics  -  Model  4. 
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Corrected  Engine  Speed,  JE_,  Percent 

/W~ 
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Figure  153.  Engine  Horsepower  Absorbed  by  Fan  Turbine 
Model  4. 


Corrected  Fan  Speed,  F  ,  Percent 
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Corrected  Engine  Speed,  E  , 


Percent 


Figure  156.  Engine  Horsepower  Absorbed  by  Fan  Turbine 
Model  5, 


Figure  157.  Fan  Turbine  Pressure  and  Temperature  Ratios  - 
Model  6. 
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Corrected  Fan  Speed,  F  ,  Percent 


Figure  158.  Fan  Speed  -  Horsepower  Characteristics  -  Model  6. 
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Corrected  Gas  Horsepower, 


0 


Figure  161.  Fan  Speed  -  Horsepower  Characteristics  -  Model  7. 
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Figure  162.  Engine  Horsepower  Absorbed  by  Fan  Turbine 
Mode  1  7 . 
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Figure  164.  Fan  Speed  -  Horsepower  Characteristics  -  Model  8 
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Figure  166. 
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Static  Forces  from  Balance  Measurements  -  Model  1. 
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Figure  169. 
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Corrected  Fan  Speed,  F  ,  Percent 

Static  Forces  from  Balance  Measurements 


-  Model  4. 
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Figure  170.  Static  Forces  from  Balance  Measurements  -  Model  5. 
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Figuru  172.  Static  Forces  from  Balance  Measurement's  -  Model  7. 
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Figure  173.  Static  Forces  from  Balance  Measurements  -  Model  8. 
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Force  Measurements  -  Model  3. 
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Figure  182.  Typical  Engine  Inlet  Stream  Pressure  Dis 
tributions  at  Station  2.0. 
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Figure  183.  Typical  Engine  Inlet  Stream  Pressure  Dis¬ 
tributions  at  Station  2.0. 
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Figure  185.  Typical  Engine  Inlet  Stream  Pressure  Dis 
tributions  at  Station  2.0. 
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Engine  Turbine  Discharge  Pressure,  — - — — ,  Pounds  Per  Square  Inch 
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Figure  187.  Typical  Engine  Discharge  Total  Pressure 
Distributions  -  Model  3,  MQ  =  0.50. 
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Figure  189.  Fan  Rotor  Inlet  Pressure  Distributions  -  Model  1 ,  11^.  ■  0.0. 
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Distributions  -  Model  1,  MQ  =*  0.3. 
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Figure  191.  Fan  Rotor  Inlet  Pressure  Distributions  -  Model  1,  MQ  «  0.6. 
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Figure  192.  Fan  Rotor  Inlet  Pressure  Distributions  -  Model  1,  MQ  =  0.8. 
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Figure  193.  Fan  Rotor  Inlet  Pressure  Distributions  -  Model  2,  MQ  ■  0.0. 
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Figure  197.  Fan  Rotor  Inlet  Pressure  Distributions  -  Model  4,  =  0.0. 
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Figure  198.  Fan  Rotor  Inlet  Pressure  Distributions  -  Model  4,  MQ  =  0.3. 


304 


Tip 


Percent  Annulue  Area  at  Measurement  Station 


Figure  199.  Fan  Rotor  Inlet  Pressure  Distributions  -  Model  4, 


*0  = 


0.5. 
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Figure  202.  Fan  Rotor  Inlet  Pressure  Distributions  -  Model  3,  *  0.2. 
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Figure  205.  Fan  Rotor  Inlet  Pressure  Distributions  During  Windmilling 
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Figure  207.  Fan  Rotor  Discharge  Total  Pressure  Distributions  -  Model  1 
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Figure  208.  Fan  Rotor  Discharge  Total  Pressure  Distributions  -  Model  2 


Tip 


l.OfJ 


1 . 04 


1.021 


1  i . 


M  •  0.65  N„ 


si.  r% 


10 


♦  „  •  0.344 

_ L_ 


*io 


n  20  40  bo 

Measurement  Station 


Figure  209.  Fan  Rotor  Discharge  Total  Pressure  Distributions 
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Figure  211.  Fan  Discharge  Total  Pressure  Distributions  During  Wind- 
milling. 
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Figure  219.  Typical  Engine  Inlet  Internal  Pressure  Distributions  - 


0.8,  N, 


92.0%. 
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Figure  222.  Typical  Fan  Inlet  Internal  Pressure  Distributions  for 


Inlet  1  -  Un  =  0.3, 


=  97.0%. 
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Figure  226.  Typical  Fan  Inlet  Internal  Pressure  Distributions  for 


Inlet  2  -  Mq  =  0.2, 


*  32.0%  (Windmill), 
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Figure  227. 


Typical  Fan  Inlet  Internal  Pressure  Distributions  for 
Inlet  2  -  MQ  =  0.2,  Nj,  =  59.9%. 
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Figure  229.  Typical  Fan  Inlet  Internal  Pressure  Distributions  for 

Inlet  2-11-0.4,  N_  -  60.2%  (Windmill). 
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Figure  230.  Typical  Fan  Inlet  Internal  Pressure  Distributions  for 
Inlet  2  -  MQ  =  0.4,  Np  -  97.1%. 
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Figure  239.  Typical  Engine  Nacelle  Pressure  Distributions  -  M  =  0.3, 
Ne  -  87.6%.  0 
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Figure  245.  Typical  Engine  Nacelle  Pressure  Distributions  -  M  =07 
N^  -  85.8%.  0 
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Figure  248.  Typical  Engine  Nacelle  Pressure  Distributions 
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Figure  252.  Nacelle  External  Pressure  Distributions 
0.601,  Nf  =  56.4%. 
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Figure  253.  Nacelle  External  Pressure  Distributidns  -  Model  1,  M  - 
0.600,  N  =  94.2%.  0 
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Figure  254.  Nacelle  External  Pressure  Distributions  -  Model  1 
0.797,  N_  =  64.2%  (Windmill) . 
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Figure  255.  Nacelle  External  Pressure  Distributions  -  Model  1,  M  = 
0.800,  N  =  87.6%.  0 
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Figure  256. 


Nacelle  External  Pressure  Distributions  -  Model  2,  M  = 
0.301,  Np  =  32.3%  (Windmill).  0 
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Figure  257.  Nacelle  External  Pressure  Distributions  -  Model  2,  M  = 


0.300,  Nf  =  98.4%. 
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Figure  260.  Nacelle  External  Pressure  Distributions  -  Model  2,  M  = 
0.800,  N  =  61.3%  (Windmill) .  0 
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Figure  264.  Nacelle  External  Pressure  Distributions  -  Model  3,  M  = 

0.301,  N_  =  47.0%  (Windmill).  0 
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Figure  265.  Nacelle  External  Pressure  Distributions  -  Model  3,  MQ  = 
0.301,  Nf  =  97.7%. 
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Figure  267.  Nacelle  External  Pressure  Distributions  -  Model  3,  M 
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Figure  270.  Nacelle  External  Pressure  Distributions  -  Model  4,  M 
0.501,  N  =  49.9%  (  Windmill). 
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Figure  271.  Nacelle  External  Pressure  Distributions  -  Model  4,  MQ  = 
0.500,  N_  =  93.5%. 
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Nacelle  External  Pressure  Distributions  -  Model  4,  M 
0.649,  N_  =  58.8%  (Windmill). 
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Figure  274.  Nacelle  External  Pressure  Distributions  -  Model  5,  M 


0.202,  N  =  24.0%  (Windmill) . 


Figure  277.  Nacelle  External  Pressure  Distributions  -  Model 
0.400,  N_  =  95.2%. 
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Figure  281.  Nacelle  External  Pressure  Distributions  -  Model  6,  M~  = 
0.598,  N  =  51.7%  (Windmill). 
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Figure  283.  Nacelle  External  Pressure  Distributions  -  Model  6,  M  = 
0.800,  N  =  59.9%  (Windmill) .  0 

7^ 


389 


»L  ■  0.200 

0 


0.519 


— =  -  23.27. 

(Windmill) 


Figure  284.  Nacelle  External  Pressure  Distributions  -  Model  7,  M  - 
0.200,  Np  =  23.2%  (Windmill)  .  0 
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Figure  285.  Nacelle  External  Pressure  Distributions  -  Model  7,  M  = 


0.202, 


=  99.6%. 
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Nacelle  External  Pressure  Distributions 
0.400,  N  =  44.7%  (Windmill). 
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Figure  288.  Nacelle  External  Pressure  Distributions  -  Model  7,  M  = 
0.649,  Nf  =  64.6%  (Windmill)  .  0 
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Figure  291.  Nacelle  External  Pressure  Distributions  -  Model  8,  M.  = 
0.500,  N_  =  44.8%  (Windmill).  0 
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Figure  293.  Nacelle  External  Pressure  Distributions  -  Model  8,  M 
0.699,  Nf  =  56.0%  (Windmill)  .  ( 
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Figure  294.  Nacelle  External  Pressure  Distributions  -  Model  8,  M 
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Figure  296. 
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.  Nozzle  Pressure  Distribution  -  Model  1,  II  =  0.601, 
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Figure  301.  Nozzle  Pressure  Distribution  -  Model  2,  M  =  0.301, 

N_  =  32.3%  (Windmill)  . 
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Figure  308.  Nozzle  Pressure  Distribution  -  Model  3,  M 
N_  =  97.2%.  0 
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Figure  309.  Nozzle  Pressure  Distribution  -  Model  3,  -  0.301, 

N  =  47.0%  (Windmill)  . 
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Figure  314.  Nozzle  Pressure  Distribution  -  Model  4 ,  MQ  =  0.202, 

N  =  95.3%. 
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Figure  315. 
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Figure  325. 


Nozzle  Pressure  Distribution 
Np  =  98.1%. 
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Figure  326. 
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Figure  328.  Nozzle  Pressure  Distribution  -  Model  6,  M  =  0.800, 
N_  =  59.9%  (Windmill). 
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330.  Nozzle  Pressure  Distribution  -  Model  7,  M 
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Figure  338.  Nozzle  Pressure  Distribution  -  Model  8,  M 
Np  =  56.0%  (Windmill)  .  0 
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Figure  345, 


Nozzle  Pressure  Distribution 
Np  =  99.1%. 
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Figure  346.  Nozzle  Pressure  Distribution  -  Model  7,  M. 
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Figure  347.  Nozzle  Pressure  Distribution  -  Model  8 
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Figure  349.  Variation  of  System  Lift  with  Angle  of  Attack  and 
Speed,  Mq  =  0.30  -  Model  8. 
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Figure  350.  Variation  of  System  Axial  Thrust  with  Angle  of  Attack 
and  Speed,  MQ  =  0.30  -  Model  8. 
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Figure  351.  Variation  of  System  Pitching  Moment  with  Angle  of 
Attack  and  Speed,  MQ  =  0.30  -  Model  8. 
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Figure  352.  Variation  of  System  Lift  with  Angle  of  Attack  and 
Speed,  MQ  =  0.50  -  Model  8. 
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Figure  353.  Variation  of  System  Axial  Thrust  with  Angle  of  Attack 
and  Speed.  Mn  =  0,50  -  Model  8. 
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Figure  354.  Variation  of  System  Pitching  Moment  with  Angle  of 
Attack  and  Speed,  MQ  ~  0.50  -  Model  8. 
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Figure  355.  Variation  of  System  Lift  with  Angle  of  At 
Speed,  M  =  0.70  -  Model  8. 


Figure  356.  Variation  of  System  Axial  Thrust  with  Angle  of  Attack 
and  Speed,  =  0.70  -  Model  8. 
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Figure  357.  Variation  of  System  Pitching  Moment  with  Angle  of 
Attack  and  Speed,  MQ  =  0.70  -  Model  8. 
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Figure  358.  Engine  Nacelle  Pressure  Distributions  Showing  Effects  of  Angle 
of  Attack.  JL  =  0.30. 
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Figure  360.  Nacelle  External  Pressure  Distributions  Showing  Effects 
of  Angle  of  Attack,  =  0.30. 
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Figure  361.  Nacelle  External  Pressure  Distributions  Showing  Effects 
of  Angle  of  Attack,  =  0.70. 
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Figure  364,  Nozzle  Plug  Distributions  Showing  Effects  of  Angle  of 
Attack,  Mq  =  0.30  and  0,70. 
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Figure  367.  Fan  Turbine  Operating  Characteristics  -  Model  3, 
MQ  =  0.3. 
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Figure  370,  Fan  Turbine  Operating  Characteristics  -  Model  6, 
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Figure  371.  Fan  Turbine  Operating  Characteristics  -  Model  6, 
=  0.4. 
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Figure  374,  Fan  Turbine  Operating  Characteristics  -  Model  6, 
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Figure  375,  Comparison  of  Predicted  and  Measured  Fan  Turbine 
Performance  -  Model  3. 
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Figure  376.  Comparison  of  Predicted  and  Measured  Fan  Turbine 
Performance  -  Model  6. 
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Figure  377.  Fan  Performance  Characteristics  -  Model  1. 
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Figure  378.  Fan  Performance  Characteristics  -  Model  2. 
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Figure  380.  Fan  Performance  Characteristics  -  Model  4. 
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Figure  381.  Fan  Performance  Characteristics  -  Model  5. 
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Figure  383.  Fan  Performance  Characteristics  -  Model  7. 
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Figure  384. 
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Performance  Characteristics  -  Model  8. 
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Figure  386.  Variation  of  Fan  Inlet  Loss  Coefficient  with  Mass  Flow 
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Figure  387.  Variation  of  Static  Inlet  Loss  Coefficient  with 
Inlet  Length  to  Diameter  Ratio. 
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Figure  388.  Correlation  of  Effects  of  Mass  Flow  Ratio  on 
Inlet  Loss  Coefficients. 
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Figure  389.  Variation  of  Engine  Inlet  Loss  Coefficient 
with  Mass  Flow  Ratio. 
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Figure  390,  Effects  of  Mass  Flow  Ratio  on  Inlet 
Maximum  Internal  Velocity  -  Inlet  1. 
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Figure  391.  Effects  of  Mass  Flow  Ratio  on  Inlet 
Maximum  Internal  Velocity  -  Inlet  2. 
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Figure  392.  Effects  of  Mass  Flow  Ratio  on  Inlet 
Maximum  Internal  Velocity  -  Inlet  3. 
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Figure  393.  Effects  of  Inlet  Internal  Lip  Radius  on 
Maximum  Surface  Velocity  at  Static 
(Mq  =  0.0)  Conditions. 
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Figure  395.  Variation  of  Peak  External  Pressure  Coefficient  with 
Mach  Number  and  Mass  Flow  Ratio  for  Model  1  (Inlet  1) 
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Variation  of  Peak  External  Pressure  Coefficient  with 
Mach  Number  and  Mass  Flow  Ratio  for  Model  3  (Inlet  2) 
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Figure  398,  Variation  of  Peak  External  Pressure  Coefficient  with  Mach 
Number  and  Mass  Flow  Ratio  for  Model  4  (Inlet  3)  . 
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Figure  399.  Variation  of  Peak  External  Pressure  Coefficient  with  Mach 
Number  and  Mass  Flow  Ratio  for  Model  5  (Inlet  3)  . 
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Figure  400,  Variation  of  Peak 
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Figure  401.  Variation  of  Peak  External  Pressure  Coefficient  with  Mach 
Number  and  Mass  Flow  Ratio  for  Model  7  (Inlet  1)  . 
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Figure  403.  Variation  of  Peak  External  Pressure  Coefficient 
with  Mach  Number  for  Inlet  1  at  a  Mass  Flow 
Ratio  of  0.5. 
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Figure  405.  Variation  of  Peak  External  Pressure  Coefficient 
with  Mach  Number  for  Inlet  3  at  a  Mass  Flow 
Ratio  of  0,4. 
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Figure  406.  Variation  of  Peak  External  Pressure  Coefficient  on  Inlet 

Leading  Edge  with  Angle  of  Attack  at  a  Mach  Number  of  0.30. 


a  = 

=  -2.0 

0 

1 

2=b0=  150° 
*4^0=  90° 
0=  0° 

512 


u 


0 


0.2  0.4  0.6  0.8  1.0 


Mass  FI 


Figure  407.  Variation  of  Peak  External 
Leading  Edge  with  Angle  of 
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Attack  at  a  Mach  Number  of  0.50. 
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Figure  408.  Variation  of  Peak  External  Pressure  Coefficient  on  Inlet 

Leading  Edge  with  Angle  of  Attack  at  a  Mach  Number  of  0.70. 
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Figure  410,  Effects  of  Angle  of  Attack  on  Free- 
Stream  Mach  Number  for  Critical  Flow 
in  Area  of  Fairing  -  Model  8. 
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Figure  413,  Variation  of  Engine  Nacelle  Peak  External  Pressure 
Coefficient  with  Mach  Number  at  a  Mass  Flow  Ratio 
of  0,32. 
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Figure  414.  Nozzle  Static  Thrust  Coefficients  Based  on  Force 
Balance  Data. 


Figure  416,  Exhaust  Nozzle  Effective  Area  Characteristics  -  Model  1. 
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Figure  417.  Exhaust  Nozzle  Effective  Area  Characteristics  -  Model  2. 
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Figure  421,  Exhaust  Nozzle  Effective  Area  Characteristics  - 
Model  6 . 
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Figure  425,  Nacelle  Drag  Coefficients  Based  on  Force 
Measurements  and  an  Ideal  Exhaust  Nozzle 
Model  2 . 
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Figure  428.  Nacelle  Drag  Coefficients  Based  on  Force 

Measurements  and  an  Ideal  Exhaust  Nozzle  - 
Model  5. 
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Figure  429 


Symbols  Denote  Windmill) 


Nacelle  Drag  Coefficients  Based  on  Force 
Measurements  and  an  Ideal  Exhaust  Nozzle 
Model  6 . 


Nacelle  Drag  Coefficient 


f Solid  Svmbols  Denote  Windmill) 


A 

Mass  Flow  Ratio,  0 


Figure  431,  Nacelle  Drag  Coefficients  Based  on  Force 
Measurements  and  an  Ideal  Exhaust  Nozzle 
Model  8. 
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Nacelle  Drag  Coefficient 


Figure  434.  Nacelle  Drag  Coefficients  Based  on  Force 
Measurements  and  a  Nozzle  with  a  0.95 
Thrust  Coefficient  -  Model  3. 
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Figure  435.  Nacelle  Drag  Coefficients  Based  on  Force 
Measurements  and  a  Nozzle  with  a  0.95 
Thrust  Coefficient  -  Model  4. 
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Figure  436.  Nacelle  Drag  Coefficients  Based  on  Force 
Measurements  and  a  Nozzle  with  a  0.95 
Thrust  Coefficient  -  Model  5. 


542 
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Figure  <38.  Nacelle  Drag  Coefficients  Based  on  Force 
Measurements  and  a  Nozzle  with  a  0.95 
Thrust  Coefficient  -  Model  7. 
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Nacelle  Drag  Coefficient 


Mass  Flow  Ratio,  0 


Figure  439.  Nacelle  Drag  Coefficients  Based  on  Force 

Measurements  and  a  Nozzle  with  a  0.95  Thrust 
Coefficient  -  Model  8. 
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Ratio  of  Drag  at  M  to  Drag  at  Low  Speed 


Mach  Number, 


Figure  440.  Variation  of  Drag  Coefficient  with  Mach 
Number  for  the  Three  Inlet  Systems. 
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Local  Surface  Pressure  Coefficient 


Figure  441.  Circumferential  Variation  of  Pressure 
Coefficient  for  Model  6  (Inlet  1) . 
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Nacelle  Length  to  Diameter  Ratio, 


Figure  444. 


Effects  of  Inlet  Length  on  Nacelle  Drag  Coefficients. 
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Nacelle  Pitch  ng  Moment  Coefficient 


Angle  of  Attack,  a,  Degrees 

Figure  448.  Variation  of  Nacelle  Contribution  to  Pitching 

Moment  with  Angle  of  Attack  and  Speed,  MQ  =  0.3. 
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Angle  of  Attack,  a,  Degrees 


Figure  449.  Variation  of  Nacelle  Contribution  to  Lift  with 
Angle  of  Attack  and  Speed,  =  0.50, 
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Angle  of  Attack,  a,  Degrees 

Figure  451,  Variation  of  Nacelle  Contribution  to  Pitching 

Moment  with  Angle  of  Attack  and  Speed,  MQ  -  0.50. 
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Angle  of  Attack,  a,  Degrees 


Figure  453.  Variation  of  Nacelle  Contribution  to  Drag  with 
Angle  of  Attack  and  Speed,  =  0.70. 


Angle  of  Attack,  a,  Degrees 

Figure  454.  Variation  of  Nacelle  Contribution  to  Pitching 

Moment  with  Angle  of  Attack  and  Speed,  MQ  =  0.70. 
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Nacelle  Pitching  Moment  Coefficient  at  Zero  Angle  of  Attack,  (C 


*r 


Figure  455,  Variation  of  Nacelle  Contribution  to  Pitching 

Moments  with  Speed  -  No  Correction  for  Fan  Thrust 
Alignment . 
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Figure  458,  Comparison  of  Pitching  Moment  Curve  Slope  of  Model  8  and 
Ring  Wing  Data. 
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Figure  460,  Ratio  of  Absorbed  to  Ideal  Horsepower  - 
Model  2. 
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Ratio  of  Turbine  Power  to  Total  Engine  Ideal  Power 


Figure  461.  Ratio  of  Absorbed  to  Ideal  Horsepower  - 
Model  3. 
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Ratio  of  Turbine  Power  to  Total  Engine  Ideal  Power  5.1  -  5.6 


«T 

Figure  462,  Ratio  of  Absorbed  to  Ideal  Horsepower  -  Model  4. 
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Ratio  of  Turbine  Power  to  Total  Engine  Ideal  Power 


Figure  463,  Ratio  of  Absorbed  to  Ideal  Horsepower  -  Model  5, 
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Ratio  of  Turbine  Power  to  Total  Engine  Ideal  Power 


Figure  464.  Ratio  of  Absorbed  to  Ideal  Horsepower  -  Model  6. 
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Ratio  of  Turbine  Power  To  Total  Engine  Ideal  Power 
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Figure  465.  Ratio  of  Absorbed  to  Ideal  Horsepower  - 
Mode  1  7 . 
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Figure  467.  Variation  of  Horsepower  Ratio  with  Speed  and  Nozzle  Are« 
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Mach  Number  for  Critical  Flow 


Inlet  Length  to  Diameter  Ratio,  — - 

MAX 

Figure  474.  Predicted  Nacelle  Critical  Mach  Number  as  a  Function  of 
Inlet  Length  and  Inlet  Diameter. 
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Figure  475.  Predicted  Minimum  Mass  Flow  and  Velocity  Ratios  as  a 
Function  of  Inlet  Length  and  Inlet  Diameter. 
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Figure  476,  Estimated  Correction  to  Critical 
Mach  Number  for  Angle  of  Attack. 
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Mach  Number  for  Critical  Flow 


Figure  477.  Comparison  of  Predicted  and  Measured  Critical 
Mach  Numbers  for  the  Three  Inlets. 
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Mass  Flow  Ratio,  -r- 
AI 

Figure  478.  Variation  of  Low  Speed  Pressure  Coefficient 
with  Mass  Flow  Ratio  for  the  Three  Inlets 
Tested. 
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Figure  479.  Compressibility  Correction  of  Low  Speed 
Pressure  Coefficients. 
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Figure  480.  Comparison  of  Inlet  Peak  Pressure  Coefficients  for  t 
Fairing  and  Axisymmetric  Regions  of  Inlets. 
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Figure  481.  Geometric  Constants  for  Design  of  Fan-Engine 
Nacelle  Fairing. 
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Figure  482.  Sketch  of  Model  8  Showing  Original  and  Modified  Nacelle  Designs. 
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Pressure  Level ,  Decibels 


Output  Level,  Volts 

Figure  485.  Conversion  Chart  -  Output  Level  Versus  Pressure  Level 
in  Decibels. 
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Figure  486.  Conversion  Chart  -  Output  Level  Versus  Pressure  Level 
in  Pounds  per  Square  Inch. 
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2000  c.p.s.  reference 


0  =  337i°  signal 


0  =  270  signal 


Figure  489.  Wave  Form  of  Pressure  Signal  Data  Point  Number  2,  MQ  =  0.4, 
Np  =  2450  Revolutions  per  Minute. 
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Figure  490.  Amplitude  and  Frequency  Analysis  foi  Microphone  Located  at  270  Degrees,  Data  Point 
Number  2,  M„  =  0.4,  N_  =  1900  Revolutions  per  Minute. 
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Figure  492.  Wave  Form  of  Pressure  Signal  Data  Point  Number  3,  MQ  =  0.5, 
Np  =  2950  Revolutions  per  Minute. 
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Figure  493.  Amplitude  and  Frequency  Analysis  for  Microphone  Located  at  270  Degrees,  Data  Point 
Number  3,  Mn  =  0.5,  N  =  2950  Revolutions  per  Minute-. 
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Figure  495.  Wave  Form  of  Pressure  Signal  Data  Point  Number  4,  MQ  =  0.6, 
Np  =  3410  Revolutions  per  Minute. 
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2000  c.p.s.  reference 


Speed  pickup  -  60  cycles  per  revolution 


Figure  498.  Wave  Form  of  Pressure  Signal  Data  Point  Number  5,  M_  =  0.7, 

N_  =  3760  Revolutions  per  Minute. 
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2000  c.p.s.  reference 


Figure  501.  Wave  Form  of  Pressure  Signal  Data  Point  Number  6,  MQ  =  0.8, 

N_  =  4050  Revolutions  per  Minute. 
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2000  c.p.s.  reference 


0  =  337j°  signal 


0  =  270°  signal 


Figure  504.  Wave  Form  of  Pressure  Signal  Data  Point  Number  7,  M 

N  =  1920  Revolutions  per  Minute. 
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Figure  509.  Amplitude  of  Overall  Signal  and  Primary  Source  Signal  Due 
to  Pressure  Fluctuations  Expressed  in  Decibels  and  Shown 
a  Function  of  Mach  Number. 
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Figure  511.  Amplitude  of  Pressure  Fluctuations 

Shown  as  a  Function  of  Local  Dynamic 
Pressure . 
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Figure  512.  Photograph  of  Sting  or  Support  Beam  for  Cruise  Fan  Model 
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Figure  513.  Photograph  of  Balance  Adapter. 
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Figure  514.  Photographs  of  Main  Support  Frame. 
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Figure  516.  Photographs  of  X376  Fan  Mounted  in  Main  Support  Frame. 


Figure  517.  Photograph  of  Nozzle  Plug  for  Cruise  Fan  Model. 
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Figure  518 


Model  Assembly  Drawing 
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Figure  518.  Model  Assembly  Drawing  (Continued). 

2 


jr*  4«J  J4*0t 
Jr*  ■»«  a/r  «•* 
,  0*1) 


9*  '*  t  *1* 


SEC  7  tO*  YH-YH  /Ml  It 

k«<i  f, 


SECTION  YEYE  *0**  *9 

JCMLi  V, 


Jfl*  TlOH  YF-YF  /<vx  .1 

J(4if  y 


i  n  ram 


SCHEMATIC  Of  SEAL 

(M  111 
jr«il  *»N 


MAI  ASSEMBLY 

;•*€  »S  *0>r**>  MU/  NifK  rnf  HiiMAMf  UCIHTIOMS 
i  >ti«  4i  uMfij  ,nrw  jj  m  /«  wi/faii 
I.  f  41  I  I  J*  f  I  t 

1  41  !  j  « 

«  t  4»  I  1  /I  i 

I  .74  to  »««W  ^74  J7  4V  AM  1 

*  KMli  Mir  MIN.  4  M 4|  M»O<rn0  Ht 
|N'«(ir.»t  IMIAM*  AM/./ 4  Ml«< 

VIEW  YD  (NT  //I 

Jl/H-NM 


(Continued) 


Figure  519.  Detail  Drawing  of  Main 
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Figure  520.  Detail  Drawing  of  Nacelle  Inlets 
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Figure  521.  Detail  Drawing  of  Aft  Nacelle  1. 
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Figure  521.  Detail  Drawing  of  Aft  Nacelle  1  (Continued). 
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Figure  522 .  Detail  Drawing  of 
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Figure  523.  Detail  Dram 
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Figure  523.  Detail  Drawing  of  Aft  Nacelle  4. 
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Figure  523.  Detail  Drawing  of  Aft  Nacelle  4  (Continued). 
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Figure  524.  Detail  Drawing  of  Nozzle  Plugs. 
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